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Abstract 
Evaluation of Creep Behavior of Geosynthetics  
Using Accelerated and Conventional Method 
Sang-Sik Yeo 
Y. Grace Hsuan, Ph.D 
 
 
Geosynthetics are susceptible to creep, which leads to time-dependent strains and 
potentially induces deformation of the structural systems.  In the design of geosynthetics, 
one of the major issues is to apply the appropriate creep reduction factors.  To evaluate 
the creep behavior of geosynthetics, four creep test methods were utilized in this study: 
Stepped Isothermal Method (SIM), Time-Temperature Superposition (TTS), Time-
Temperature-Stress Superposition (TTSS), and a conventional method.  SIM and TTS are 
accelerated creep methods by using elevated temperatures instead of a long testing 
duration.  SIM particularly uses a single specimen throughout a sequence of elevated 
temperature tests and thus, material variability can be avoided in contrast to TTS.  The 
procedure to generate a creep master curve in SIM was modified from that recommended 
by ASTM to account for thermal expansion of geosynthetics.  TTSS imposes the stress 
effect to TTS and is suitable for polymers that have limitations in adopting TTS. 
In this study, three types of geosynthetics were tested: drainage components, i.e., 
high density polyethylene (HDPE) geonet and geocomposite, the expanded polystyrene 
(EPS) geofoam, and the polyethylene-terephthalate (PET) and HDPE geogrids.  For the 
geonet and geocomposite, the tests were performed under compressive loads at different 
inclined angles to simulate the application in the side slope of the landfills.  The results 
showed that the creep strains of the drainage components increased with inclined angles 
for both geonet and geocomposite.  For the geonet, the secondary creep stage was found 
to coincide with the roll-over of upper ribs, indicating that the geometry of geonet had a 
 xv
strong influence to its creep behavior.  Furthermore, the onset time of the secondary stage 
decreased as inclined angles increased. The creep behavior of the geocomposite was 
substantially different from that of the corresponding geonet, showing only primary creep 
stage.  The absence of the secondary creep was due to the localized interface friction 
between the needle-punched nonwoven geotextile and the ribs.  The friction prevented 
the abrupt roll-over phenomenon in the geonet.  
The compressive creep behavior of the EPS geofoam was investigated.  A bi-
linear relationship between compressive strength and temperature with transition at 43oC 
had direct impact on the results of SIM and TTS.  A premature secondary creep stage in 
comparison with a conventional method data and the change of activation energy were 
observed at test temperatures above 43oC.  The alternative accelerated creep test, TTSS, 
was conducted at temperatures below 43oC and was found to be the most appropriate 
method for this geofoam.   
The tensile creep behavior of the PET and HDPE geogrids were evaluated, and 
the creep strains of the PET geogrid were much less than the HDPE geogrid at the same 
percentage of ultimate tensile strength.  Also, the HDPE geogrid went through the 
primary, secondary and tertiary creep prior to the rupture, whereas only primary creep 
and rupture were detected in the PET geogrid.  The activation energies of the PET 
geogrid were consistent regardless of the types of accelerated creep test methods.  
Contrary, higher activation energies were resulted from the short-term accelerated tests in 
comparison to the long-term tests for the HDPE geogrid.  In order to develop the 
constitutive relationship, the Weibull model was modified.  The results of model were 
well correlated to the experimental data.  
  
 
 
 
 
 
 
 
 
© Copyright 2007 
Sang-Sik Yeo. All rights reserved. 
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CHAPTER 1. BACKGROUND AND LITERATURE REVIEW 
 
 
1.1  Introduction  
1.2 Creep Behavior 
1.3 Creep Behavior vs. Temperature 
1.4 Creep Behavior vs. Stress 
1.5 Development of Creep Measurement 
1.6  Creep Behavior of Geosynthetics 
1.7 Creep Modeling 
 
 
1.1 INTRODUCTION  
In the last twenty years, the use of geosynthetics has been continuously increased 
in different civil and environmental engineering applications such as reinforced slopes, 
retaining walls, embankments, and waste containments.  In many of these applications, 
geosynthetics are subjected to either tensile or compressive load throughout their service 
life.  For example, geogrids in reinforcement applications are subjected to constant tensile 
loading; contrary geonets are exposed to compressive loading as drainage media in the 
landfill liner and cover systems, and geofoams are experienced under compressive 
loading when serving as lightweight fill material.  Geosynthetics are polymeric materials 
which consist of viscoelastic properties.  Under constant loading, geosynthetics would 
exhibit creep strain which may potentially cause damage to the corresponding structural 
system.  The extent of the creep strain depends on the magnitude of the loading as well as 
the type of polymer and manufacturing process of the geosynthetics.  Geogrids are 
commonly made from highly oriented high density polyethylene (HDPE) and 
polyethylene-terephthalate (PET).  Geonets are manufactured by extruding HDPE and 
geoforms are made from expanded polystyrene (EPS). 
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In order to minimize the impact of creep strain to the structure, a reduction factor 
is incorporated into the design.  In this thesis, the creep behavior of the drainage 
components under the compressive load (Chapter 2), the EPS geofoam under the 
compressive load (Chapter 3), and the PET and HDPE geogrids under the tensile load 
(Chapter 4) are evaluated using acceleration methods and a conventional method. The 
creep mechanism on each of the geosynthetics is also investigated.  Furthermore, the 
creep reduction factor is determined to be applied to the engineering design.   
 
1.2  CREEP BEHAVIOR 
 Creep behavior refers to a time-dependent deformation process at a stress less 
than the strength of the material (Nielsen, 1974; Findley, 1960).  A typical tensile creep 
behavior is illustrated in Figure 1.1: creep strain (solid line) and creep strain rate (dashed 
line).  The creep behavior can be divided into three stages: primary, secondary, and 
tertiary creep.  In the primary (or transient) stage, the strain increases with diminishing 
strain rate. During the secondary (or steady-state) stage, the strain increases linearly 
against time, resulting a constant strain 
rate.  The tertiary stage is 
characterized by a rapid increase of 
strain, leading to creep rupture.  The 
creep strain rate increases rapidly in 
this stage.   
Strain, ε 
or Strain 
rate, ε· 
Primary Tertiary 
ε ε
· 
Secondary 
Time, t 
 Figure 1.1 – Typical tensile creep behavior 
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The tensile creep behavior can 
also be represented by a Sherby-Dorn 
plot (i.e., strain rate vs. strain) (Sherby 
and Dorn, 1958; Bonner et al., 1999; 
Dowling, 2007), as shown in Figure 
1.2.  After the instantaneous elastic 
response to the applied stress, the 
strain rate continuously decreases as 
strain increases in the primary creep stage.  In the secondary creep stage, a “plateau” 
region is observed.  Finally, the tertiary creep stage is represented by an increase in the 
strain rate.  
Primary Secondary Tertiary 
Strain 
rate, ε· 
Strain, ε 
Figure 1.2 – Sherby-Dorn plot 
A compressive creep behavior exhibits the similar behavior to the tensile creep in 
the primary and secondary creep stages.  However, in the tertiary stage, the creep strain 
rate decreases as creep strain increases.  Furthermore, the creep rupture does not occur in 
the compressive behavior since the material behaves as a solid material in contrast to the 
tensile behavior.  . 
The creep mechanism of polymeric materials governed by load and temperature 
can be described by the movement of molecular.  When polymeric materials subjected to 
a static load for a long time, they deform via one or both of the fundamental atomistic 
mechanisms: (1) distortion of the lengths and angles of the chemical bonds connecting 
the atoms and (2) rearrangements of the atoms (Findley, 1960; Roylance, 2001).  These 
atomistic mechanisms under load lead to changes of the molecular chains in the semi-
crystalline polymer: uncoiling, straightening, and breaking in an amorphous region (i.e., 
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randomly arranged part) and slipping between the chains in a crystalline region (i.e., 
orderly patterned part).  For example, the molecular chains of polyethylene terephthalate 
(PET) under creep are changed by following process: (1) uncoiling, (2) straightening, and 
(3) breaking of the chains in the amorphous region (Heuvel et al, 1992; Van Den Heuvel 
et al., 1993; Yeh and Young, 1998; Voskamp and Retzlaff, 2006).  Since molecular 
chains of PET possess large benzene rings, there are few slips among the crystalline 
region.  In contrast, the creep strain of polyethylene (PE), having a much simpler 
molecular structure, proceeds with following steps: (1) uncoiling and (2) straightening of 
the chains in the amorphous region, (3) slipping between lamellar planes in the crystalline 
region, and (4) breaking of the chains in the amorphous region (Smeets et al., 2001).   
 Furthermore, creep mechanism is affected by temperature.  At temperatures below 
the glass transition temperature of the polymer, the secondary bonds (i.e., hydrogen and 
van der Waals bonds) hold the molecular chains to one another; thus, the polymer is able 
to respond only by bond stretching (Roylance, 2001; Dowling, 2007).  The glass 
transition temperature, Tg, refers to the temperature at which the phase changes between 
rubbery and glassy states.  In the glassy state, the available space, or “free volume”, that 
allows the motion of molecules, is substantially smaller than that of rubbery state, as 
shown in Figure 1.3.  The movement of the molecular groups is hindered and the polymer 
can only strained a small amount before rupturing in brittle manner (Ferry, 1980; Li, 
2000; Roylance, 2001).  In contrast, at temperatures above Tg, the secondary bonds have 
less impact than those below Tg.  Consequently, creep can occur by the molecular chains 
sliding past one another in a viscous manner.  Furthermore, this process can proceed 
easier in linear polymers (e.g., high density polyethylene) than polymers with bulky 
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Figure 1.3 – Volume change of polymer as a function of temperature; Vo = volume of 
polymer chains, Vf = free volume in polymer, and Vg = total volume at Tg, Tm = 
melting temperature 
molecules, branching or cross-linking (Dowling, 2007).  The free volume also increases 
with temperature, as shown in Figure 1.3 (Li, 2000).  Therefore, molecules have much 
more freedom of movement and more creep stain can be resulted. 
As a result, the creep mechanism of polymeric materials is associated motions of 
atoms, molecules, and vacancies in the polymeric material.  With increasing load and/or 
temperature, the following has been observed: (1) the instantaneous strain at the time of 
stress application increases, (2) the steady-state creep rate is increased, and (3) the 
rupture lifetime is diminished (McCrum et al., 1997; Roylance, 2001; Dowling, 2007).   
 In fact, the creep behavior occurs as a result of a thermal activation process 
(Sherby and Dorn, 1958; Sinclair and Edgemond, 1969).  The rate of molecular mobility 
can be used to examine the creep mechanism.  The rate is represented by the Arrhenius-
type equation, which consists of stress, temperature, and activation energy in Equation 
1.1: 
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exp( )nss
QA
RT
ε σ• −=        (Eq. 1.1) 
  
where ε˙ss = steady-state creep strain rate (%/sec), σ = applied stress (kN/m2), n = 
stress exponent, Q = activation energy (J/mol), R = gas constant = 8.314 J/mol·K, 
and T = absolute temperature (K).  
 
According to Equation 1.1, the creep strain rate increases with load and temperature.  In 
addition, the testing temperatures with respect to the glass transition (Tg) of the polymer 
would have significant impact to the strain rate.  Creep strain is much greater at 
temperatures above Tg than below Tg (Roylance, 2001). 
In addition, an increase in the activation energy results in a decrease in the creep 
strain rate and subsequently less creep deformation (Lim et al., 2003).  The activation 
energy is defined as an energy barrier that must be overcome for the occurrence of 
molecular motions (Goertzen and Kessler, 2006).  The energy barrier is governed by the 
energy of molecular bonding in polymeric materials.  For example, the energy of C-C 
bond, the primary bond, in polyethylene, is reported as ~ 300 kJ/mol (Govaert and Peijs, 
1995; Lim et al., 2003).  Van der Waals and hydrogen bonds, the secondary bonds, have 
energies less than 1 kJ/mol and 1 to 30 kJ/mol, respectively.  Since the secondary bond is 
significantly lower than the primary bond energy, the secondary bonds play a major role 
in the creep behavior of the polymers.  
 
1.3 CREEP BEHAVIOR VS. TEMPERATURE 
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 According to Equation 1.1, temperature has a dramatic influence on the creep 
strain rate. The strong dependence of temperature can be useful in experimental 
characterization of creep behavior.  For example, creep can be predicted using elevated 
temperatures instead of long testing time.  The relationship between time and temperature 
can be seen in Figure 1.4, which shows the schematic plots of (a) modulus vs. 
temperature and (b) modulus vs. time (Painter and Coleman, 1997).  As illustrated in 
Figure 1.4(a), the modulus at temperature < Tg is largely constant.  As temperature 
increases above Tg, the modulus decreases significantly.  Depending on the molecular 
weight of the polymer, a rubbery stage could be observed, following by the melting 
temperature, Tm.  The similar behavior is also detected between the modulus and time.  
Figure 1.4(b) shows the modulus vs. time at temperature below Tg.  Initially, the modulus 
is essentially unchanged with time.  Then, the modulus decreases abruptly following by a 
rubbery plateau for polymers with high molecular weights.  The polymer initially 
behaves as solid-like in its properties and then changes to rubber elasticity.  Finally, the 
(b) (a)  
Glassy region 
Rubbery plateau 
Low 
molecular 
weight 
High 
molecular 
weight 
Log Time (sec) 
Temperature 
Glassy region 
Low 
molecular 
weight 
Rubbery plateau 
Log E(t) 
High 
molecular 
weight 
Tg Tm 
Log E(t) 
Figure 1.4 – Schematic representation of the modulus as a function of (a) temperature 
and (b) time at T < Tg  
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modulus decreases sharply with increasing time; the polymer can no longer hold its own 
shape, becoming liquid-like material.   
(b)(a) 
Reference 
temperature T4 
Log time (hrs) 
T1 
T2 
T3 
T4 Strain Strain T3(%) 
Log time (hrs) 
T1
T2
101 102 101 102 103 104 105
(%)
Overlapped 
Figure 1.5 – Time-temperature superposition; (a) raw data and (b) prediction of creep 
behavior with shifting (T4 > T3 > T2 > T1) 
 Based on the similarity between time and temperature in Figure 1.4, time-
temperature superposition can be achieved (Nielsen, 1974).  As shown in Figure 1.5, 
creep curves obtained at different temperatures are superposed by horizontal shifts along 
a log time scale by overlapping the individual curves in Figure 1.5(a) to generate a creep 
master curve, as shown in Figure 1.5(b).  The amount of the overlapping depends on the 
temperature interval.  The horizontal shifting distance is characterized as a time-
temperature shift factor, aT.  The methods of relating aT to temperature changes can be 
either by (1) graphical method by trial and error, Equation 1.2, (2) Arrhenius equation, 
Equation 1.3, or (3) Williams, Landel, and Ferry (WLF) equation, Equation 1.4:  
 
log logT
r
ta
t
=      (Eq. 1.2) 
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where, t = time for a viscoelastic process to proceed a given amount at an 
arbitrary temperature, tr = time for a viscoelastic process at a reference 
temperature, Q = activation energy, R = gas constant, C1 and C2 = arbitrary 
material constants, T = temperature, Tref  = reference temperature.   
 
 The Arrhenius equation, Equation 1.3, is assumed of constant activation energy 
throughout different temperatures of the creep test.  As shown in Figure 1.5, the creep 
curves obtained at elevated temperatures are simply shifted to the right along the time 
axis.  This is equivalent to increasing the relaxation time (τ), which characterizes the time 
for the molecular transitions and rearrangements, and the temperature dependence can be 
described by aT, as shown in Equation 1.5 (McCrum et al., 1997; Printer and Coleman, 
1997; Roylance, 2001): 
 
r
Ta τ
τloglog =     (Eq. 1.5) 
  
where, τ = relaxation time at T and τr = relaxation time at Tref, reference 
temperature. 
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Furthermore, the relaxation time is related to temperature by an Arrhenius equation, as 
expressed in Equation 1.6 (Roylance, 2001):   
 
 ⎟⎠
⎞⎜⎝
⎛=
RT
Qexpoττ  (Eq. 1.6) 
 
Substituting Equation 1.6 into Equation 1.5, Equation 1.3 can be achieved. 
 The WLF equation, or Equation 1.4, is derived from the Doolittle viscosity 
equation, which was derived by considering the molecular transport of liquid in the free 
volume concept (Doolittle, 1951; Doolittle and Doolittle, 1957; Takahashi et al., 1964; 
Ferry, 1980; Sperling, 1986; Plazek, 1991).  Moreover, the derivation of the WLF 
equation begins with a consideration of necessary free volume to allow the rotation of 
chain segments, and the hindrance to such rotation caused by neighboring molecules 
(Sperling, 1986).  Thus, the WLF equation can be used at temperatures near or above the 
glass transition temperature, in which the free volume can be considered. 
 If aT is obtained with graphical method by trial and error using Equation 1.2 to 
generate the “smooth” creep master curve, Equation 1.3 can be used for acquiring the 
activation energy to investigate the creep mechanism.  Thornton (1970) also performed 
creep tests with PE under elevated temperatures and obtained the activation energy of 
115.8 kJ/mol, which is very similar to the value of 125.6 kJ/mol found by McCrum and 
Morris (1964).  Furthermore, Sinclair and Edgemond (1969) investigated creep 
phenomena in PE and polypropylene (PP) using the activation energy.  They found that 
activation energies obtained from PE and PP increased with applied stress.  “True” 
activation energies (when applied stress = 0) of 90.3 and 50.8 kJ/mol for PP and PE were 
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obtained, respectively.  Lim et al. (2003) acquired the activation energy of PET ranging 
from 233.9 to 269.6 kJ/mol.  The changing of the activation energy is caused by the 
crystallinity of PET; the energy increases with the crystallinity.  Foot et al. (1987) also 
reported the activation energy of 190 kJ/mol for the isotropic amorphous PET.  The high 
activation energy of PET is because the polymer is in the glassy state at the test 
temperatures; while HDPE is in the rubbery state.  
 
1.4 CREEP BEHAVIOR VS. STRESS 
According to Equation 1.1, stress plays a significant role in the creep response of 
the polymer.  The stress accelerates creep strain since it shortens the distribution of 
relaxation times (Bhuvanesh and Gupta, 1994; Said et al., 2005).   
The Boltzmann superposition particularly shows the influence of stress on 
polymeric materials and can predict the creep behavior within the range of viscoelastic 
behavior (Findley, 1960).  The Boltzmann superposition principle, which was developed 
by Boltzmann in 1874, states that the deformation of a specimen at any instant is not only 
a result of the load acting at that instant, but depends upon the entire previous loading 
history (Painter and Coleman, 1997).  In other words, if single specimen has been 
subjected to a sequence of loading steps, then each of these steps makes an independent 
and additive contribution to the final deformation, as shown in Figure 1.6.  Furthermore, 
when all deformations are compared to equivalent times, the deformation of a specimen 
is directly proportional to the applied stress.  Thus, the total strain can be equal to the sum 
of the strain of each independent event.  Also, using a single specimen throughout the test 
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becomes one of the advantages by eliminating the material variability among different 
specimens.  
 
 
1.5  DEVELOPMENT OF CREEP MEASUREMENT 
 Traditionally, the creep behavior of geosynthetics has been evaluated using a 
method that requires a minimum testing time of 104 hours (i.e., ~ 1.14 years) to generate 
data at the laboratory ambient condition; this method is referred as the conventional creep 
test method.  Data from this test is extrapolated linearly to predict the long-term behavior; 
however, the extrapolation is confined within one log cycle.  Furthermore, the uncertainty 
of the extrapolation increases with time.  The conventional method certainly is the most 
reliable test to evaluate the creep behavior within a testing time; however, the method 
cannot predict the long-term creep behavior too far beyond the test duration.  
 Alternatively, the creep properties of polymeric materials can be predicted using 
time-temperature superposition (TTS) principle, which has been described in details in 
the previous section 1.3.  As mentioned, TTS utilizes elevated temperatures to accelerate 
the creep deformation.  Creep curves obtained at elevated temperatures can then be 
Δσ 
σ2 
 
ε1
Δε
ε2= ε1+Δε
Time
Strain σ2= σ1+Δσ  
Δσ 
Stress
σ1 σ1 
Timet1 
Figure 1.6 – Boltzmann superposition principle: (a) strain vs. time and (b) stress vs. 
time 
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shifted along the log-time scale to generate a creep master curve at a lower reference 
temperature.  The creep mechanism based on the TTS method can be investigated using 
activation energy, which is associated with molecular bonds, in the Arrhenius equation or 
WLF equation.  
In the last ten years, stepped isothermal method (SIM) has been developed and 
standardized to evaluate the creep 
behavior of different types of 
geosynthetics as an alternative testing 
method. In SIM, a sequence of creep 
responses on a single test specimen under 
a constant load is generated using a series 
of elevated temperature steps, as shown in 
Figure 1.7(a). The resulting creep 
responses at elevated temperatures are 
shifted along the log-time scale to a lower 
reference temperature in Figure 1.7(b) to 
1.7(c), to generate a creep master curve.  
This test method combines the concepts 
from TTS and Boltzamann superposition 
principles.  Based on TTS, SIM uses the 
elevated temperatures and horizontal 
shifting to create the creep master curve.  
From the Boltzmann superposition, SIM 
Strain 
(dashed), 
or 
Modulus 
(solid) 
Time (sec) 
S5S1 S2 S3 S4 
(a)
  Creep 
Modulus  
S5
S1
S2 
S4 
S3
(b)
Log Time (sec) 
100 years 
Strain 
(dashed), 
or 
Modulus 
(solid) 
4 6 8 102
(c)
Log Time (sec) 
Figure 1.7 – Procedure of SIM; (a) raw 
data, (b) before shifting, (c) master 
curves after shifting the segments (i.e., 
S2 to S5) in (b) 
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adopts the concept to utilize a single specimen throughout all of the test steps; 
subsequently, a sequence of strain curves is generated under different elevated 
temperature steps.  The total strain is the sum of all individual strain deformation.  
Therefore, the main advantage of SIM over TTS method is to avoid material variability 
by using a single test specimen (Thornton et al., 1998a, b).  The applicability of SIM to 
assess tensile creep behavior of geotextiles and geogrids has been investigated by many 
researchers (Thornton et al., 1998a, b; Greenwood and Voskamp, 2000; Baker and 
Thornton, 2001; Zornberg et al., 2004; Bueno et al., 2005).  Recently, the compressive 
creep behavior of a geonet was also evaluated using SIM (Thornton et al., 2000; Narejo 
and Allen, 2004; Allen, 2005).  In both tensile and compressive SIM tests, a good 
agreement with the results from the conventional test method was observed.  
 In addition, time-temperature-stress superposition (TTSS) is used to predict the 
creep behavior of polymeric materials by adding a stress factor to TTS (Schapery, 1969; 
Yen and Williamson, 1990; Lai and Bakker, 1995; Jazouli et al., 2005).  As shown in 
Figure 1.8, TTSS utilizes not only temperatures but also stress to accelerate the creep, 
since both factors affect the creep deformation based on time-temperature and time-stress 
equivalences (Bhuvanesh and Gupta, 1994).  The method can be very useful for materials 
that cannot be exposed to higher elevated temperatures due to unexpectedly large amount 
or rate of creep induced by natural of the material i.e., low melting points (Bathgate et al., 
1997).   
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Figure 1.8 – Time-temperature-stress superposition; (a) raw data and (b) prediction of 
creep behavior with shifting (Temperature: T3 > T2 > T1; Stress: S2 > S1) 
 
 
1.6 CREEP BEHAVIOR OF GEOSYNTHETICS 
1.6.1 Tensile Creep Behavior  
 Based on the tensile creep properties obtained by various methods, the creep 
reduction factors can be calculated to acquire the factor of safety (FS) for the design 
application under the tensile load as followed by Equations 1.7 and 1.8 (Koerner, 2005): 
 
)1(
CBDCRID
ultallow RFRFRF
TT ××=    (Eq. 1.7) 
reqd
allow
T
TFS =      (Eq. 1.8) 
 
where, Tallow = allowable tensile strength, Tult = ultimate tensile strength, Treqd = 
required tensile strength RFID = reduction factor for installation damage, RFCR = 
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reduction factor for creep to account for long-term behavior, RFCBD = reduction 
factor for chemical and biological degradation. 
 
The tensile creep reduction factor is determined by GRI GG4 as expressed in Equation 
1.9: 
  
RFCR = TST/TLT    (Eq. 1.9) 
 
 where, RFCR = reduction factor of creep, TLT = 105 (or 106) hour-design life 
strength of the geosynthetics, and TST = short-term strength of the geosynthetics in 
ASTM D 4595.   
 
As shown in Figure 1.9, TLT can be obtained by the extrapolation (up to 105 or 106 hours) 
of a creep rupture curve, which is plotting stress versus creep rupture time.    Koerner 
(2005) compared creep reduction 
factors of several types of geotextile 
from Den Hoedt (1986), Lawson 
(1986), Task Force #27 (1991), and 
Koerner (2005), as listed in Table 
1.1.  The variation of reduction 
factor is due to polymer type.  The 
HDPE and PP geogrids (i.e., 
polyolefin) have relatively large 
TLT 
TLT 
Experimental data 
Extrapolation
Log creep rupture time (hr) 
105 106 
% UTS 
Figure 1.9 – Method to determine creep 
reduction factor using creep rupture curve for 
a tensile creep test  
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reduction factor, since they behaves plastic flow in the rubbery state at the ambient 
condition. 
 
Table 1.1 – Creep reduction factors of several types of geotextile at 100 years 
Geotextile 
Fiber/Yarn type 
den Hoedt 
(1986) Lawson (1986) 
Task Force #27 
(1991) Koerner (2005) 
Polypropylene 
(PP) 4.0 2.5 to 5.0 5.0 3.0 to 4.0 
Polyethylene 
(PE) 4.0 2.5 to 5.0 5.0 3.0 to 4.0 
Polyamide (PA) 2.5 1.5 to 2.5 2.9 2.0 to 2.5 
Polyester (PET) 2.0 1.5 to 2.5 2.5 2.0 to 2.5 
 
 
 The creep reduction factor for geogrids also has been evaluated using SIM as the 
test method, as summarized in Table 1.2.  Particularly, the reduction factors for the PET 
geogrids were reported, and they range from 1.46 to 1.70.  Lothspeich and Thornton 
(2000) obtained the reduction factors for geogrids manufactured using PET, HDPE, PP, 
polyvinyl alcohol (PVA), Aramid, and PA, ranging from 1.62 to 4.63.  For polyolefin 
materials such as HDPE and PP, the creep reduction factors are characterized by 10%-
strain performance limit due to the onset of secondary creep stage (Ingold et al., 1994; 
Hsuan and Yeo, 2005).  Thus, times to reach 10% strain are used instead of the creep 
rupture time to determine the reduction factor in Figure 1.9.  Same as the geotextiles, 
polyolefin geogrids also exhibit a high creep reduction factors.  In this thesis, the creep 
reduction factors of the PET and HDPE geogrids are also provided using not only by SIM 
but also by other various test methods in Chapter 3. 
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Table 1.2 – Creep reduction factors of several types of geogrids at 100 years 
Geogrid Lothspeich and Thornton (2000) 
Greenwood and 
Voskamp (2000) 
Thornton et al. 
(1998a) 
Greenwood et 
al. (2000) 
PET 1.62 1.46 1.47 1.70 
HDPE 3.04 - - - 
PP 4.63 - - - 
PVA 1.63 - - - 
Aramid 1.49 - - - 
PA 2.26 - - - 
 
 
1.6.2 Compressive Creep Behavior 
The design concept of the tensile creep can also be used for drainage material 
(e.g., geonet, geocomposite) under compressive loading as in waste containment 
applications.  Equations 1.7 and 1.8 are modified to incorporate the determination of 
long-term flow rate as expressed by Equations 1.10 and 1.11.  
 
reqd
allow
q
qFS =      (Eq.1.10) 
BCCCCR
allow RFRFRF
qq ××=
100     (Eq.1.11) 
 
where, qallow = allowable flow rate, q100 = initial flow rate determined under 
simulated conditions for 100-hour duration, qreqd = required flow rate, RFID = 
reduction factor for elastic deformation, or intrusion, of the adjacent geosynthetics 
into the geonet’s core space, RFCR = reduction factor for creep deformation of the 
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geonet and/or adjacent geosynthetics into the geonets’ core space, RFCBD = 
reduction factor for chemical and biological clogging 
 
The compressive creep reduction factor is determined by GRI GS4 as expressed in 
Equation 1.12: 
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where, RFCR = reduction factor for creep, toriginal = original thickness, tCO = 
thickness at 102-hours, tCR = thickness at >> 102-hours, e.g., at 104 hours, noriginal = 
original porosity which is calculated according to Equation 1.13: 
 
                            
original
original t
n
*
1 ρ
μ−=   (Eq. 1.13) 
 
where, μ = mass per unit area and ρ = density of the geonet.   
 
Figure 1.10 shows how to obtain the reduction factor for a compressive creep test.  
Reduction factors ranging from 1.0 to 2.0 were observed depending on the applied load, 
(Narejo and Allen, 2004; Allen, 2005; Koerner, 2005).  However, these reduction factors 
were obtained based on tests in which the applied load was acting perpendicular to the 
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test specimens.   Creep tests at inclined angles to simulate the creep behavior on the side 
slope of landfills are rarely been considered.  In this thesis, the effects of combining 
normal and shear stresses on compressive creep behavior of geocomposite are thoroughly 
studied and will be presented in Chapter 2.  
Retained 
thickness 
106 
Log time (hr) 
TCO 
Creep curve
TCR 
102 
Figure 1.10 – Method to determine creep reduction factor for a compressive creep test  
1.7 CREEP MODELING 
The creep behavior of polymeric materials has been predicted using constitutive 
models with time function.  Such time-dependent models can be developed based on (1) 
the empirical based equation, (2) the mechanical model using characterization of springs 
and dashpots, (3) the model using isochrones, (4) the model using creep strain rate, and 
(5) the model using Weibull distribution.  
 
1.7.1 Creep Model Using Empirical Equation 
 Creep data can be presented using simple and empirical equations such as 
Equation 1.14 (Findley, 1944): 
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0 ( / )
nm t tε ε= + 0      (Eq. 1.14) 
 
where, ε = total strain, ε0 = initial strain, n = constant which was found to be 
independent of stress, m = constant for a given stress 
 
This power function of time describes the tension creep of different plastics with good 
accuracy with experimental data over the time limit of approximately 10 years (Findley, 
1960; Findley and Khosla, 1956; Findley and Peterson, 1958).  Leaderman (1943) also 
developed the empirical equation for the creep behavior by Equation 1.15: 
 
CBttA ++= logε     (Eq. 1.15) 
  
where, t = time, A, B, and C = constants which are functions of stress and physical 
properties of material.  
 
Using this equation, Finnigan (1977) and Van Leeuween (1977) simulated short-term 
creep behavior of fabrics and found good agreement with the test data. However, the 
method utilizing empirical equations was only applicable to the linear relationship 
between strains and log time.  
 
1.7.2 Creep Mechanical Model 
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Mechanical models for viscoelastic behavior 
have been proposed to describe a consistency of 
elastic and viscous components or phases.  
Particularly, the creep behavior was represented using 
mechanical models that consist of various 
combinations of a Hookean springs and Newtonian 
dashpots.  The spring and dashpot represents elastic 
behavior and viscous behavior, respectively, to stress.  
The simplest model is called a Kelvin (or Voigt) system, which combine the spring and 
dashpot in parallel, as shown in Figure 1.11.  The Kelvin model can be expressed by 
Equation 1.16: 
σ 
Figure 1.11 – Schematic 
diagram of basic type of 
Kelvin model 
 
 
( )( ) ( ) d tt E t
dt
εσ ε η= +         (Eq. 1.16) 
 
where, σ = applied stress, ε = creep strain, t = time, E = Young’s modulus, and  
η = viscosity.  
 
Using Equation 1.16, the strain of the creep test in the Kelvin model can be solved as 
expressed by Equation 1.17: 
 
 '0( ) [1 exp( / )]tt tE
σε τ= − −                                (Eq. 1.17) 
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where, σo = applied stress, ε = creep strain, E = Young’s modulus,  t = elapsed 
time, and τt’ = retardation time (i.e., η/E).   
 
For a more precise modeling, a 
combination of a spring together with a series of 
parallel spring/dashpot components is utilized.  
For example, Sawicki (1998) evaluated the creep 
behavior of HDPE geogrid using a standard linear 
solid model, as shown in Figure 1.12.  This model 
consists of a spring, defined by stiffness, E1, 
connected to a Kelvin system, characterized by 
stiffness E2, and viscosity, η.  The following 
differential Equation 1.18 defines this model: 
σ 
Figure 1.12 – Schematic diagram 
of standard linear solid model 
 
1 2 2
1
1 ( ) (
E E Ed dT
E dt dt
)εη η
++ = +      (Eq. 1.18) 
 
This model gave a good prediction for creep behavior at low stress levels that exclude 
tertiary creep.  Furthermore, Soong and Koerner (1998) predicted the creep behavior of 
geotextile, geogrids, geomembrane, geosynthetic clay liner (GCL), and edge drain using 
Kelvin-chain model, which consists of four Kelvin units and one single spring.  For the 
Kelvin-chain model, the creep behavior is shown as the following strain function in 
Equation 1.19: 
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where, E = Young’s modulus, ε0 = 1/E0 = elastic strain (i.e., strain induced 
immediately after the stress is applied), τi = ηi/Ei = retardation time, t = time 
 
This model is shown to result in an accurate prediction of the data when compared to the 
experimental data.  Zhang and Moore (1997) also employed one independent spring and 
six Kelvin elements in series to determine nonlinear creep behavior of HDPE. A good 
agreement is observed between test data and modeling data.  Wilding and Ward (1981) 
and Bonner et al. (1999) utilized a system of two parallel arms, each composed of a 
spring in series with a highly non linear dashpot to analyze Sherby-Dorn plot (i.e., strain 
rate vs. strain).  The behavior of materials can be described to a good approximation by 
the model.  However, using the creep mechanical model, the tertiary and creep rupture 
are unable to be evaluated.  
  
1.7.3 Creep Model Using Isochrones 
Kaliakin and Dechaskulsom (2002) and Missirlis et al. (2004) modeled the creep 
behavior of the geogrid and geofoam, respectively, using the isochronous creep curve in 
the linear region.  Kaliakin and Dechakulsom (2002) utilizes four parameters, c1, c2, α, 
and β, to determine the creep behavior of a specific geogrid. And they proposed the 
following the constitutive relationship in Equation 1.20: 
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where, ε = creep strain, T = force per unit width, t = time, α and β = model 
parameters, c1 and c2 = material constant,  
 
The constitutive model can predict the primary and secondary creep stages of the geogrid.   
For the compressive test of the geofoam, Missirlis et al. (2004) used the time-
dependent parameter, A(t), which was the slope of the isochronous curve in the plot of 
normalized stress vs. total strain.  The parameter can be expressed by Equation 1.21: 
 
tot
ntA ε
σ=)(                                          (Eq. 1.21) 
 
where, σ = applied stress, σcomp = compressive strength, σn = σ/σcomp = normalized 
stress (%)  and εtot = total strain.  
 
Based on the isochronous curve, A(t) can also be expressed by the function of time  A  
correlation was obtained using Equation 1.22: 
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ttA −=     (Eq. 1.22) 
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where, t = time in days, to = an appropriate coefficient to convert arbitrary time 
units to days. 
 
By Combining Equations 1.21 and 1.22, they developed a constitutive model to analyze 
the creep strain and found a good agreement with the compressive creep data at 
normalized stress less than 30%.  
 
1.7.4 Creep Model Using Creep Strain Rate 
 Merry and Bray (1997) employed the creep model using the creep strain rate for 
HDPE geomembrane.  The model was based on the method developed by Singh and 
Mitchell (1968) for modeling the creep rate of soils.  The three-parameter mathematical 
model was derived as followed by Equation 1.23:  
 
mD ttAe )/( 1
αε =•       (Eq. 1.23) 
 
where, ε·  = creep strain rate, t; t1 = value of unit time; D = deviator stress; and A, α, 
and m = constant found by fitting of experimental results.  
 
This model allows for the prediction of the creep behavior of the HDPE geomembrane at 
the lower strain rates that may be expected in actual field applications. Therefore, the 
model can only be fitted the data within the primary creep stage in which a linear 
relationship between creep strain and log time is hold. 
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Poh (1998) also suggested the creep model in terms of the creep strain rate using 
Equation 1.24: 
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where, parameters ε· 1, ε· 2, and ε· 3 = creep rates of primary, secondary, and tertiary 
stages, respectively; τ1, τ2 = times at end of primary and secondary stages, 
respectively; and n1, n2 = shape parameters defining sharpness of transitions 
between first two stages and between last two stages, respectively.   
 
The comparison with experimental results showed that the equation can closely fit the 
creep curves at various temperatures and stress levels.  This model seems to be quite 
complicated; however, the primary, secondary, and tertiary creep stages can be covered. 
In addition, Perkins (2000) used the equation built by creep strain rate, which was 
proposed by Hibbitt et al. (1998) as followed by Equation 1.25: 
 
)1/(1)])1[(( +
• += mmn mA εσε     (Eq. 1.25) 
 
where, A, n, and m = material constants, σ = uniaxial tension stress and  
ε =creep strain.   
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The experimental result of creep strain in the cross-machine direction of the geogrid was 
well predicted by the model and was over predicted in the machine direction.  This model 
includes the stress function; thus, the change of loading conditions (e.g., Boltzmann 
superposition) during the test can be incorporated in this model.  
 
1.7.5 Creep Model Using Weibull Distribution 
Based on the statistical distribution, a model was proposed by Weibull (1951) to 
assess the failure of metal.  The Weibull model can also be modified to analyze the 
failure behavior of non-metallic materials such as carbon fiber composites and ceramic 
components, as well as to predict the lifetime of the polymeric materials (Curtis and 
Juszczyk, 1998; Phani, 1989; Murthy et al., 2004). 
The standard Weibull distribution in terms of time, t, can be expressed by 
Equation 1.26: 
 
])(exp[1)( βη
γ−−−= ttF     (Eq. 1.26) 
 
where, F(t) = cumulative distribution function, t = time, γ = the parameter for 
representing the time at which F(t) = 0, η = the characteristic life,  
β = shape parameter.   
 
The standard model with two parameters can be extended to three- to five- 
parameter equation for any use (Curtis and Juszczyk, 1998; Phani, 1989; Lai et al., 2003; 
Murthy et al., 2004).  Phani (1997) also employed the four-parameter Weibull model for 
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the strength and life prediction for a ceramic material.  Furthermore, Smith and Hoeppner 
(1990) generated the Weibull fitting function for fatigue data using Equation 1.27: 
 
})]/()[(exp{1)( βλ tbattF −−−−=    (Eq. 1.27) 
 
where, λ = Weibull scale parameter, a, b = material constant 
 
The equation form of the distribution for a statistical analysis can be transformed to the 
Weibull probability plot (WPP) as a tool to estimate the parameters for the model 
identification (Lai et al., 2003; Murthy et al., 2004).  For example, the WPP plot for a 
four-parameter Weibull is expressed by Equation 1.28: 
 
)]ln()[ln()ln( xx ebaey −−−−= βλ           (Eq. 1.28) 
 
Although this distribution has been used as a lifetime probability distribution in reliability 
engineering, many other fields has utilized the WPP for curve fitting or predicting the 
experimental data.  For example, Kasnavi et al. (2004) employed Weibull model to fit 
with their experimental data just because the Weibull probability Density Function (PDF) 
resembled their data. Nevertheless, they found that the parameters in the Weibull model 
can be correlated to the physical properties of the specimens.   
For the creep behavior of polymeric materials, Fancey (2001) employed the 
model to predict the creep behavior of Nylon 6,6, polypropylene, and polyether-ether-
ketone (PEEK) using Equation 1.29: 
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β
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t
cittot −−+=    (Eq. 1.29) 
 
where, εtot = total strain, εi = initial instantaneous strain, εc = final creep strain,  
t = time, α = characteristic life parameter (or scale parameter), β = shape 
parameter.   
 
The numerical solution correlated well with the experimental data obtained from time-
temperature superposition.  However, this model did not cover the tertiary creep stage.  
 Based on the background of Weibull model, the model is modified to analysis the 
all creep stages of the PET and HDPE geogrids in Chapter 3.  The results will be 
compared to the experimental data.  
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CHAPTER 2. THE SHORT- AND LONG-TERM COMPRESSIVE BEHAVIOR 
OF HIGH DENSITY POLYETHYLENE GEONET AND GEOCOMPOSITE AT 
INCLINED CONDITIONS 
 
 
2.1 Introduction 
2.2  Test Material and Apparatus 
2.3 Short-Term Compressive Behavior of Geonet 
2.4  Long-Term Compressive Behavior of Geonet 
2.5 Compressive Behavior of Geocomposite 
2.6 Discussions 
2.7 Drainage Design Implications 
2.8 Conclusions 
 
 
2.1 INTRODUCTION 
 High density polyethylene (HDPE) geonet and geocomposite have been widely 
used as the drainage materials in the leachate collection and removal system, and leak 
detection system of the landfill, as shown in Figure 2.1.  The geonet is typically applied 
to the base of landfill with slope of 2%.  On the other hand, the geocomposite, which 
consists of two layers of needle-punched nonwoven geotextile thermally bonded onto top 
and bottom of the geonet, are widely employed on the side slopes of landfills.  In these 
applications, the drainage materials are subjected to a static compressive load from the 
landfill waste throughout the service lifetime.  Because of the viscoelastic property of 
Figure 2.1 – Illustration of cross section view in liner systems (source from “Selected 
geosynthetic presentations compliments of GSI”) 
HDPE geonet or geocomposite  
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HDPE, creep deformation will take place in the geonet and geocomposite, leading to a 
reduction in flow capacity.   
 In the design of long-term performance of landfill drainage layers, a reduction 
factor is considered to account for the creep deformation.  According to GRI GC8, the 
creep reduction factor is incorporated into the determination of the long-term allowable 
flow rate in Equation 2.1.  The creep reduction factor ranging from 1.0 to 2.0 has been 
reported for different types of geonets under various applied loads (Narejo and Allen, 
2004; Allen, 2005; Koerner, 2005).   
 
                                              
BCCCCR
allow RFRFRF
q
q ××=
100                                       (Eq. 2.1) 
 
where, qallow = long-term allowable flow rate, q100 = initial flow rate determined 
under simulated conditions for 100-hour duration, RFCR = reduction factor for 
creep to account for long-term behavior, RFCC = reduction factor for chemical 
clogging, and RFBC = reduction factor for biological clogging. 
 
 The conventional method to evaluate creep behavior is to perform the test at 
ambient temperature under a desired applied load for duration from 103 to 104 hours (GRI 
GS 4).  Slocumb et al. (1986) and Lawrence (1987) had performed creep compression 
tests on geonets for 103 hours and extrapolated the data to one log cycle to determine the 
creep reduction factor at 104 hours.  However, the predicted creep value is still for time 
far shorter than the service life of the geonet, limiting the conventional method in 
assessing the creep behavior of the drainage material.  
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 Alternatively, acceleration creep tests are used to investigate the creep properties 
of polymeric materials.  Acceleration methods are commonly developed based on the 
time-temperature superposition (TTS) principle.  TTS utilizes elevated temperatures to 
accelerate the creep deformation instead of the long testing time, since temperature 
affects the rates of creep response.  Creep curves generated at elevated temperatures can 
then be shifted along the time axis to generate a creep master curve at a lower 
temperature.  Based on the TTS principle, the stepped isothermal method (SIM) has been 
developed as an acceleration test to evaluate the tensile creep behavior of geosynthetics 
(Thornton et al., 1998a, b; Greenwood and Voskamp, 2000; Lothspeich and Thornton, 
2001; Baker and Thornton, 2001; Zornberg et al., 2004; Bueno et al., 2005; Hsuan and 
Yeo, 2005).  In SIM, the test specimen is subjected to a sequence of elevated temperature 
steps to generate a series of creep curves.  The main advantage of SIM over conventional 
TTS-based method is to avoid material variability by using a single test specimen 
(Thornton et al., 1998a).  Additionally, SIM requires shorter testing time than 
conventional TTS to reach the same predicted creep behavior.    
Recently, SIM has also been utilized to assess the compressive creep behavior of 
HDPE geonets under normal loadings (i.e., zero inclined angle) (Thornton et al., 2000; 
Narejo and Allen, 2004; Allen, 2005).  On the side slope of the landfills, however, a 
combination of normal and shear stresses is acting on the drainage material.  It is 
anticipated that the compressive behavior of the drainage material would vary with 
inclined conditions.  Jarousseau and Gallo (2004) evaluated the compressive creep 
behavior of different geocomposites using the conventional creep test for 500 hours under 
the combined normal and shear stresses.  For some of the geocomposites, they found a 
 34
15% to 30% greater reduction in thickness under the combined stresses than under only 
normal stress. 
In this paper, the short- and long-term compressive behavior of a HDPE bi-planar 
geonet were evaluated at inclined conditions of the horizontal (0°), 1(V)-to-9(H) (6.3°), 
1-to-5 (11.3°), 1-to-4 (14.0°), and 1-to-3 (18.4°).  In addition, a geocomposite with the 
same geonet was tested at inclined conditions of the horizontal (0°) and 1-to-4 (14.0°) to 
investigate the effects of thermally bonded geotextiles.  For the long-term compressive 
behavior, SIM was employed to predict the creep properties of both geonet and 
geocomposite.  From the creep master curves, the reduction factors at 104 and 105 hours 
were determined and implemented drainage designs. 
 
2.2 TEST MATERIAL AND APPARATUS 
The top and cross sectional 
views of the HDPE bi-planar geonet 
are shown in Figure 2.2.  As revealed 
in Figure 2.2(b), the majority of the 
upper and lower ribs are inclined and 
the inclined angle varies from region to 
region.  The flow direction in Figure 
2.2(b) is into the plane of this paper. 
The physical properties of the geonet 
used in this study are listed in Table 
2.1.   Figure 2.2 – (a) Top and (b) cross sectional 
view of geonet 
(b) 
Unit: mm
(a) 
Flow direction
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Table 2.1 – Physical properties of the HDPE geonet 
 
Property Test Standard Value 
Density (g/cm3) 
(with carbon black) ASTM D 792 0.947 
Mass per unit area (kg/m2) ASTM D 5261 0.98 (± 0.02) 
Thickness (mm) ASTM D 5199 5.09 (± 0.02) 
 
Figure 2.3 shows a pictorial view of the test apparatus including a compressive 
machine, an environmental chamber, and a device for inclined tests. The short-term 
compressive tests and the SIM tests were performed using an Instron® 5583 with Merlin® 
software for the control of an applied stress and the strain measurement.  The 
deformation of the specimen was 
determined by the cross-head 
movement, which was then 
divided by the initial gauge 
length to obtain the strain value.  
The test temperature was 
controlled by an environmental 
chamber.  The temperature 
accuracy inside of the chamber 
was ±0.5°C.  
A special test device was 
fabricated to evaluate the 
compressive behavior at different Figure 2.3 – Pictorial view of test apparatus 
Environmental 
chamber 
Geonet 
specimen 
Test device for 
inclined condition 
Compressive 
load cell 
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inclined conditions.  Figure 2.4 shows the assembly of the device.  The device consists of 
two half circular blocks which can be set to five inclined positions.  The lower block of 
Figure 2.4 – Assembly of the device for the inclined condition of 1-to-3 
Horizontal1-to-3 
<Top view of upper block> 
1-to-5
1-to-4 1-to-9
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the device is placed on four rollers to avoid damage to the load cell due to the excessive 
lateral loading.  Sandpapers are attached onto the surface of two metal blocks to keep 
specimen from sliding, as shown in Figure 2.5.  Prior to the test, the upper and lower 
blocks are marked to verify slippage never taking place during the test.    
2.3 SHORT-TERM COMPRESSIVE BEHAVIOR OF GEONET 
2.3.1 Experimental Method 
The short-term compressive behavior of the geonet was evaluated according to 
the test procedure described in ASTM D 6364.  The dimensions of the test specimen were 
102.4mm (4 inch) × 102.4mm (4inch).  The loading was applied at a strain rate of 10% of 
the thickness per minute.  Inclined conditions at horizontal, 1(V)-to-9(H), 1-to-5, 1-to-4, 
and 1-to-3 were tested.   
 
Figure 2.5 – Sandpaper attached onto the surface of blocks for inclined conditions 
Geonet 
specimen 
Sandpaper 
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2.3.2 Surface Roughness    
Two types of sandpaper, grit 100 (fine) and grit 35 (coarse), were investigated for 
the effect of surface roughness on the compressive behavior.  Tests were conducted at the 
inclined condition of 1-to-4.  The resulting stress/strain curves of the geonet using the 
two types of sandpaper are similar, as shown in Figure 2.6.  The sandpaper of grit 100 
was used for all the short-term compressive tests to minimize abrasion on the test 
specimen.  New sandpaper was employed for each test.  
 
2.3.3 Short-Term Compressive Behavior and Repeatability    
The short-term compressive tests were performed at five inclined conditions, and 
their stress/strain curves are shown in Figure 2.7.  Five replicates were tested on each 
inclined condition to ensure the repeatability of the test.  From horizontal to 1-to-4 
conditions, the compressive strength and strain of the geonet correspond to the peak of 
the curve.  At the inclined condition of 1-to-3, no peak was detected; thus, the 
0
100
200
300
400
0 10 20 30 40
Strain (%)
St
re
ss
 (k
Pa
)
Grit 100 (Fine)
Grit 35 (coarse)
Figure 2.6 – Effect of surface roughness in the short-term compressive behavior 
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compressive strength and strain are determined by the onset point where a significant 
change in the slope of the stress/strain curve is detected.   
 
The correlations between the compressive properties and inclined angle are shown 
in Figures 2.8 and 2.9.  The compressive strength decreases linearly with the inclined 
angle; whereas the compressive strain increases linearly.  The relationships of 
compressive strength and strain with inclined angle can be expressed by Equations 2.2 
and 2.3, respectively: 
 
σc = σo – 14.59 β                                             (Eq. 2.2)  
εc = εo + 0.85 β                                               (Eq. 2.3)  
 
where, σc = compressive strength (kPa), σo = compressive strength at β = 0 (kPa),  
εc = compressive strain (%), εo = compressive strain at β = 0 (%), and β = inclined 
angle (degree). 
Figure 2.7 – Stress/strain behavior at different inclined conditions 
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2.4 LONG-TERM COMPRESSIVE BEHAVIOR OF GEONET 
2.4.1 Experimental Method 
The creep behavior of the geonet was evaluated using SIM.  The test procedure 
conformed to ASTM D 6992.  The test specimen was brought to equilibrium at 23 ± 1oC 
for overnight.  Prior to starting the test, a pre-stress of three percent of the short-term 
Figure 2.8 – Plot of average compressive strength vs. inclined angle 
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Figure 2.9 – Plot of average compressive strain vs. inclined angle  
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compressive strength was applied on the specimen to ensure intimate surface contact.  
The test was started by loading the specimen at a strain rate of 10% of the thickness per 
minute to reach the desired applied load.  The compressive strength at the horizontal 
condition was utilized to calculate the applied stress for all of the SIM tests.  Three 
applied stresses of 10% (50 kPa), 20% (100 kPa), and 30% (150 kPa) of compressive 
strength (σc) were tested at five inclined conditions.  Seven temperature steps were used 
from 23oC to 65oC with increments of 7oC.  The isothermal duration (i.e., dwell time) at 
each temperature was 104 seconds.  The representative testing data under 30% σc is 
shown in Figure 2.10.  
 
2.4.2  Creep Master Curve    
After obtaining the testing data, the creep master curve at 23oC was generated by 
horizontally shifting the creep curve at each test temperature along the log-time axis.  
Figure 2.11 shows the procedure to generate the creep master curve from the compressive 
SIM testing data.  As shown in Figure 2.11(a), the compressive strain of the geonet 
0
5
10
15
20
0 10000 20000 30000 40000 50000 60000 70000
Time (sec)
C
om
pr
es
siv
 st
ra
in
 (%
) 
Figure 2.10 – Testing data of HDPE geonet in SIM 
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exhibits an initial decrease at each elevated temperature step.  This behavior is most 
likely caused by the thermal expansion of the HDPE geonet, which is acting in the 
opposite direction of the compression loading.  The starting time, tn, of each temperature 
step in Figure 2.11(b) is used for rescaling.  The creep curves at the elevated temperatures 
are then rescaled by subtracting tn from each step (Sn), as shown in Figure 2.11(c).  Since 
the initial part of each curve is affected by the thermal expansion of the test specimen, 
that portion of the curve is eliminated.  The creep master curve is then generated by 
horizontal and vertical shifting, as shown in Figure 2.11(d).  
 
Comp. 
Strain  
 (%) 
100 years
Log time (sec) 
2 4 6 8 10 
(d)
Figure 2.11 – Procedure to generate a compressive creep master curve from a testing data 
for HDPE geonet; Note: Comp.: compressive 
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2.4.3  Surface Roughness    
The effect of two types of sandpaper attaching onto the metal block surfaces was 
again examined for the SIM test since the testing time and applied stress were different 
from those of the short-term compressive test.  The sandpapers with grit 100 and 35 were 
examined at the inclined condition of 1-to-4 under 20% σc.  As shown in Figure 2.12, the 
resulting creep master curves from the two sandpapers are very similar, and the 
sandpaper of grit 100 was used for the SIM tests.  New sandpaper was employed for each 
SIM test.  
 
2.4.4 Repeatability 
Three replicate tests were performed to evaluate the repeatability of the SIM test 
at the inclined condition of 1-to-4 under 20% σc.  The three creep master curves are 
shown in Figure 2.13.  The quantitative comparison among the three curves is determined 
by using the percent retained thickness at creep times of 101, 103, and 105 hours. The 
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Figure 2.12 – Effect of surface roughness on creep behavior 
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average values and the standard deviations are summarized in Table 2.2.  Data indicate a 
good consistency among the three SIM tests.   
 
Table 2.2 – Statistical significance of the SIM test on the geonet 
 
Retained thickness (%) Time 
(hours) Test 1 Test 2 Test 3 
Average (%) Standard deviation (%) 
101 88.5 87.8 88.5 88.3 0.4 
103 84.1 83.7 84.7 84.2 0.6 
105 70.5 66.8 68.3 68.5 1.8 
 
 
2.4.5 SIM Test Results at Various Inclined Conditions 
The creep master curves at five inclined conditions under 10%, 20%, and 30% σc 
are shown in Figures 2.14(a), (b) and (c), respectively.  The percent retained thickness 
Figure 2.13 – Repeatability of the SIM test at inclined condition of 1-to-4 under 20% σc 
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decreases with increasing time and applied stress, and it also decreases as inclined angle 
increases under the same applied stress.  
Under 10% σc in Figure 2.14(a), the retained thickness decreased linearly with 
log-time at all five inclined conditions.  The linear relationship is also resulted at 
conditions of horizontal and 1-to-9 under 20% σc in Figure 2.14(b).  However, the 
decrease in retained thickness becomes non-linear, with a transition at 104, 103, and 102.5 
hours at inclined conditions of 1-to-5, 1-to-4, and 1-to-3, respectively.  Similarly, a 
transition at 103 hours is observed in the decrease of retained thickness at the horizontal 
condition under 30% σc in Figure 2.14(c).  Additionally, at inclined conditions of 1-to-9, 
1-to-5, and 1-to-4, all three curves consist of two transitions: from a linear to a rapid 
decrease in the retained thickness, and then slowing in the decrease of thickness.  
The non-linear creep behavior in Figures 2.14(b) and 2.14(c) is further examined 
by presenting the data in a Sherby-Dorn plot, as shown in Figure 2.15.  Under 20% σc in 
Figure 2.15(a), the creep strain rate at inclined conditions of horizontal and 1-to-9 
decreases linearly with retained thickness.  This indicates the geonet undergoing a 
primary creep deformation.  For other three inclined conditions, a secondary creep stage 
is observed, as indicated by the constant creep strain rate.  Furthermore, at inclined 
conditions of 1-to-4 and 1-to-3, the creep strain rate decreases again, reflecting a tertiary 
creep stage.  Under 30% σc in Figure 2.15(b), the geonet exhibits primary and secondary 
creep stages at the horizontal condition, whereas a tertiary creep stage is detected at 1-to-
9, 1-to-5, and 1-to-4. It should be clarified that the tertiary stage in compressive creep of 
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Figure 2.14 – Creep master curves at different inclined conditions under (a) 10%, (b) 
20%, and (c) 30% σc 
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the geonet is different from that of the tensile creep.  The tertiary tensile creep stage 
represents rapid increase in strain rate, leading to rupture.  However, creep rupture does 
not take place in compression.  The three different creep stages observed in this geonet 
are believed due to the cross sectional change in the geonet and will be discussed in later 
section of this chapter.  
 
Figure 2.15 – Sherby-Dorn plots for creep results under (a) 20% and (b) 30% σc from 
Figures 2.14 (b) and (c), respectively  
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2.5.  COMPRESSIVE BEHAVIOR OF GEOCOMPOSITE 
2.5.1 Geocomposite 
In many drainage applications, the geonet is necessarily covered with geotextile 
on upper and lower surfaces to prevent intrusion of soil or other particulates and to 
increase the stability when is used on side slopes of landfills.  Commonly, a needle-
punched nonwoven polypropylene (PP) geotextile is thermally bonded to upper and 
lower surfaces of the geonet forming a geocomposite.  Subsequently, the short- and long-
term compressive behavior of the geocomposite are expected to be different from those 
of the geonet alone.  
 The geocomposite used in this evaluation consists of the same geonet studied in 
previous sections sandwiching between two layers of needle-punched nonwoven PP 
geotextiles with unit weight of 0.29 ± 0.01 kg/m2.  The thickness of the geocomposite 
was measured to be 8.51 ± 0.13 mm, according to ASTM D 5199. 
 
2.5.2 Short-Tem Compressive Behavior of Geocomposite  
 The short-term compressive behavior of the geocomposite at horizontal and 1-to-4 
were evaluated, and their stress/strain curves are shown in Figure 2.16 together with 
those of the geonet.  At both inclined conditions, the compressive behavior between the 
geocomposite and geonet is completely different.  Unlike the geonet which exhibits 
pronounced peaks, the compressive strength of the geocomposite increases continuously 
with strain.  There is no apparent way to define the compressive strength and strain.   
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2.5.3  Long-Tem Compressive Behavior of Geocomposite  
 The long-term compressive behavior of the geocomposite was evaluated using the 
same SIM test procedure as for the geonet at inclined conditions of horizontal and 1-to-4.  
The applied stresses were same as those used for the geonet tests, 20% σc (100 kPa) and 
30% σc (150 kPa) of the geonet.  Figure 2.17 shows the creep master curve of the 
geocomposite together with that of the geonet in the same test condition.  For all three 
test conditions, the geocomposite exhibits a much greater initial reduction of retained 
thickness than the corresponding geonet due to the high compressibility of the geotextile.   
At the horizontal condition under 20% σc in Figure 2.17(a), a linear correlation 
between retained thickness and log-time is obtained in the geonet and geocomposite.  The 
geocomposite has a slightly higher creep rate than the geonet alone, since both geonet 
and geotextile are undergoing creep deformation.  At 1-to-4 under 20% and 30% σc in 
Figures 2.17(b) and 2.17(c), the retained thickness of the geocomposite decreases linearly 
Figure 2.16 – Stress/strain behavior at inclined conditions of horizontal and 1-to-4 
(GN: geonet; GC: geocomposite) 
0
100
200
300
400
500
600
700
0 10 20 30 40 50
Strain (%)
St
re
ss
 (k
Pa
)
GN @ horizontal
GN @ 1-to-4
GC @ horizontal
GC @ 1-to-4
 50
50
55
60
65
70
75
80
85
90
95
100
-2 0 2 4 6Log time (hr)
R
et
ai
ne
d 
th
ic
kn
es
s (
%
))
Geonet at 1-to-4
Geocomposite at 1-to-4
(b) 
Figure 2.17 – Comparing between creep master curves from geonet and 
geocomposite at inclined conditions of (a) horizontal and (b) 1-to-4 under 20% σc 
and (c) 1-to-4 under 30% σc 
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with log-time without any transition.  In addition, the total creep deformation of the 
geocomposite is less than the corresponding geonet under 30% σc after 103 hours.    
 
2.6 DISCUSSIONS 
2.6.1 Deformation of Geonet in Short-Term Tests 
The stress/strain curves of the geonet in Figure 2.7 reveal a pronounced peak at 
most of the inclined conditions except 1-to-3.  The peak is believed to be caused by the 
abrupt roll-over of the ribs in the geonet.  A sequence of photos was taken under different 
stress levels during the short-term compressive test at the horizontal condition to illustrate 
such phenomenon, as depicted in Figure 2.18.  It was noted that the roll-over occurred 
mainly on the upper ribs while the lower ribs remained almost unchanged.  The inclined 
angles of the two upper ribs were measured and are presented by plotting stress versus 
inclined angle in Figure 2.19.  The profile of the curve is similar to that of the 
stress/strain curve.  The peak stress in Figure 2.19 is very similar to that in the 
stress/strain curve under the same test condition, proving that the peak stress represents 
the stress required to roll over the upper ribs in the geonet.  Once the upper ribs are 
completely flattened, the geonet behaves as a solid material and compressive stress 
increases again.  The reason that the peak was not detected in the 1-to-3 inclined 
condition is probably due to the initial angle of the upper ribs (α) becoming more in line 
with the shear stress.  Therefore, it is easier to flatten the upper ribs instead of rolling 
them over.   
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The specimen with a different rib structure can also be used to verify that the 
short-term behavior is associated with the rib structure of the geonet.  Figure 2.20 shows 
a sequence of photos during the short-term compressive tests of the geonet that possesses 
circular cross-sectional ribs at the horizontal condition.  The thickness and density of the 
Figure 2.18 – A sequence of photos on the cross-sectional area of the geonet under 
different stresses at the horizontal condition (α: inclined angle of the upper ribs) 
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Figure 2.20 – A sequence of photos on the cross-sectional area of the circular-type rib 
geonet under different stresses at the horizontal condition  
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Figure 2.19 – Change of inclination of ribs in the geonet under different stress at the 
horizontal condition 
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geonet were measured to be 8.38 ± 0.02 mm and 0.94 g/cm3.  It is found that the cross 
section of both upper and lower ribs was changed from a circular shape to an oval shape.  
There was no roll-over phenomenon of the upper ribs.  As a result, neither the peak 
maximum nor post-peak minimum stress is detected in the stress/strain behavior, as 
presented in Figure 2.21.  
 
2.6.2 Relationship between Short- and Long-Term Compressive Properties 
The roll-over phenomenon during the creep tests is investigated by comparing the 
strains at different creep transitions (see Figure 2.15) to the peak strain and post-peak 
minimum strain of the short-term test (see Figure 2.7), as shown in Table 2.3.  Two sets 
of strain values are extremely close; the onset strains of secondary and tertiary stages are 
coincided with the beginning and completion of roll-over, respectively.  Since the roll-
over is governed by the geometry of the geonet and particularly the inclined angle of the 
upper ribs, the short- and long-term compressive behavior of the geonet are likely to be 
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Figure 2.21 – Stress/strain behavior of geonet having circular-type ribs 
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product specific.  The creep prediction obtained from this geonet may not be applicable 
to other bi-planar geonets unless their short-term compressive behavior are very similar.      
 
Table 2.3 – Transition strain values from short-term behavior (Figure 2.7) and long-term 
behavior (Figures 2.15 (a) and (b)) 
 
Primary-to-Secondary 
Transition Strain 
(Figure 2.15) 
Secondary-to-Tertiary 
Transition Strain 
(Figure 2.15) Inclined 
Condition 
20% σc 30% σc 
Short-Term 
Peak Max. 
Strain 
(Figure 2.7)
20% σc 30% σc 
Short-Term 
Post-Peak 
Min. Strain 
(Figure 2.7) 
Horizontal N/A 13% 14% N/A N/A 21% 
1-to-9 (6.3°) N/A 16% 16% N/A 25% 24% 
1-to-5 (11.3°) 18% 19% 19% N/A 31% 30% 
1-to-4 (14.0°) 19% 21% 21% 29% 32% 31% 
Note: N/A=not available 
 
2.6.3 Effect of Inclined Angles 
The effects of inclined angle on the short- and long-term compressive tests are 
clearly demonstrated in this study.  The short-term compressive strength decreased 
linearly with inclined angle, while the compressive strain increased linearly (see Figures 
2.8 and 2.9).  In the long-term compressive tests (see Figure 2.14), the retained thickness 
decreased as inclined angle increases under the same applied stress.  Figure 2.22 
illustrates the normal and shear stresses acting on the geonet at an inclined condition.  It 
is noted that the A-A’ cross-sectional view of the geonet is different from the B-B’ cross-
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sectional view in Figures 2.2 and 2.18.  Also, the A-A cross section varies from region to 
region.  As the inclined angle increases, the normal stress exhibits a nominal decrease 
(slope = -0.27); while the shear stress increases significantly (slope = 1.72), as shown in 
Figure 2.23.  Due to the geometric structure of the geonet, an increase in shear stress 
would promote the roll-over and enhance the deformation of the ribs during the 
compressive tests. 
Flow 
direction 
σn
A 
sin W 
A 
cos W 
n
β τ 
β σ 
= 
= W = applied load σn = normal stress 
τ = shear stress 
β = inclined angle of the specimen 
A = area of the geonet specimen 
W
τ
β
B-B’: Figures 2.2 and 2.18 
Figure 2.22 – Schematic of A-A’ cross section of the geonet under combined normal 
and shear stresses 
A A’
B’ 
B
<Top view of geonet> 
A’A
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2.6.4 Compressive Behavior of the Geocomposite 
As shown in Figure 2.16, the short-term compressive behavior between the geonet 
and geocomposite is very different and this is probably caused by the interface action 
between the needle-punched nonwoven geotextile and the geonet.  Under compression, 
the ribs of the geonet intrude into the highly compressible geotextile, providing more 
resistance to the rib roll-over.  Figure 2.24 shows a sequence of photos during the short-
term compressive tests for the geocomposite and Figure 2.25 exhibits the absence of peak 
stress, unlike the geonet alone in Figure 2.19.  As results, the abrupt roll-over of the ribs 
was prevented and a more gradual process of roll-over was observed.  
In order to understand the interaction at the interface between the geonet and 
geotextile, two separate sets of the tests were performed.  The first set of tests was to 
investigate the effects of the thermal bonding.  The short-term compressive tests were 
performed on the geocomposite and a combination of geotextile/geonet/geotextile (i.e., 
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Figure 2.23 – Influence of normal and shear stresses at different inclined conditions 
to the geonet 
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GT/GN/GT).  For the GT/GN/GT test specimen, the geotextile was placed on both sides 
of the geonet without thermally bonded.  The type of geotextile was the same as that in 
the geocomposite, a needle-punched nonwoven geotextile with unit weight of 0.29 kg/m2.  
Figure 2.26 shows the stress/strain curves of the geocomposite and the GT/GN/GT 
specimen at the horizontal condition.  Note that tests at 1-to-4 were unable to be 
performed due to slippage between layers of GT/GN/GT.  The two curves are very 
similar, suggesting that the thermal bonding between geotextile and geonet in the 
geocomposite plays a minor role in the roll-over process under this test condition.   
14 kPa @ 0.5% 
α 
135 kPa @ 16% 
400 kPa @ 30% 
690 kPa @ 36% 
830 kPa @ 39% 
1240kPa @ 44% 
Figure 2.24 – A sequence of photos on the cross-sectional area of the geocomposite 
under different stresses at horizontal condition (α: inclined angle of upper ribs) 
α 
α 
α
α
α
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Geonet
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The second set of tests was designed to assess the localized frictional effect 
between the rib and geotextile. Three types of geotextile with different stiffness were 
tested including the needle-punched nonwoven geotextile used in the first set of tests, a 
Figure 2.25 – Change of inclination of ribs in the geocomposite under different stress 
at the horizontal condition 
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Figure 2.26 – Stress/strain curves of geocomposite and drainage material of 
geotextile/geonet/geotextile (GN: geonet and GT: geotextile) 
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heat-bonded nonwoven (0.18 kg/m2), and a woven geotextile (0.49 kg/m2).  As shown in 
Figure 2.27, the profile of the stress/strain curves from the geonets with heat-bonded 
nonwoven and woven geotextiles is similar to that of the geonet alone revealing a 
pronounced peak.  It is believed that the stiffness of these two types of geotextile could 
not generate as much localized interface friction as the needle-punched nonwoven 
geotextile, since there was no intrusion of the ribs.   
The frictional effect from the needle-punched nonwoven geotextile is also 
observed in the long-term compressive tests at the inclined condition of 1-to-4 under both 
20% and 30% σc.  The secondary and tertiary creep stages were not detected at both 
conditions (see Figure 2.17) since the upper ribs of the geonet were deformed much more 
gradually instead of abruptly.  In result of that, the geocomposite exhibits less creep 
deformation than the geonet after the initial decrease in the retained thickness.   
 
Figure 2.27 – Stress/strain curves of the drainage materials with different types of 
geotextiles (GN: Geonet and GT: geotextile) 
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2.7 DRAINAGE DESIGN IMPLICATIONS    
2.7.1 Creep Reduction Factors 
The results of this study indicate that the creep behavior of the drainage materials 
can be greatly affected by the inclined angle of the slope.  The current design procedure 
for the drainage layer in the landfill utilizes a creep reduction factor based on a creep 
curve obtained under normal stress. The creep reduction factor is calculated using 
Equation 2.4 listed in GRI GC8:   
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where, RFCR = reduction factor for creep, toriginal = original thickness,  
tCO = thickness at 102-hours, tCR = thickness at >> 102-hours, e.g., at 104 hours, 
noriginal = original porosity which is calculated according to Equation 2.5: 
 
                            
original
original t
n
*
1 ρ
μ−=                                             (Eq. 2.5) 
 
where, μ = mass per unit area and ρ = density of the geonet.   
 
 According to Equation 2.4, the reduction factor is governed by the thickness 
reduction between 102 hours and the target design service time; thus, the initial creep 
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strain has no effect to the reduction factor.  Two target design service times of 104 hours 
(~ 1.14 years) and 105 hours (~ 11.4 years) are selected and the corresponding creep 
reduction factors are calculated and summarized in Table 2.4.  Overall, the creep 
reduction factor increases with inclined angle, applied stress, and creep time.  At inclined 
conditions that exhibit tertiary creep stages, the reduction factor increases to greater than 
two.  
 
Table 2.4 – Creep reduction factors of the geonet at 1 and 11 years 
 
10% Stress 20% Stress 30% Stress 
Inclined condition 
1 year 11 years 1 year 11 years 1 year 11 years 
Horizontal (0.0°) 1.03 1.05 1.06 1.08 1.19 1.62 
1-to-9 (6.3°) 1.04 1.06 1.10 1.19 2.57 3.18 
1-to-5 (11.3°) 1.05 1.08 1.19 1.46 3.09 3.48 
1-to-4 (14.0°) 1.09 1.13 1.53 2.41 3.56 4.37 
1-to-3 (18.4°) 1.10 1.14 2.01 3.30 N/A N/A 
Note: N/A = not available 
 
 Table 2.5 shows the creep reduction factors at 104 hours (~ 1.14 years) for the 
geonet and the geocomposite.  At the horizontal condition under 20% σc, their reduction 
factors are relatively similar.  However, the geonet yields a much greater reduction factor 
than the geocomposite at 1-to-4 under 30% σc, since the tertiary creep stage has occurred 
in the geonet.  
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Table 2.5 – Comparing creep reduction factors between geonet and geocomposite at 104 
hours  
 
20% stress 30% stress 
Inclined 
condition 
Geonet Geocomposite Geonet Geocomposite 
Horizontal 
(0.0°) 1.06 1.08 1.19 N/A 
1-to-4 (14.0°) 1.53 1.39 3.56 1.39 
Note: N/A=not available 
 
The creep reduction factors of the geonet at the horizontal condition after 104 
hours (~ 1.14 years) are compared with those from Allen (2005) in Table 2.6.  Under 
10% and 20% σc, the two sets of creep reduction factors are very close.  However, a 
greater discrepancy is observed under 30% σc, and the difference is probably due to the 
high density of the geonet used in the study by Allen (2005).  The density value of 0.954 
was reported in his paper versus 0.947 g/cm3 in this study.   Koerner (2005) also provided 
a range of creep reduction factors from 1.4 to 2.0 for both primary and secondary 
leachate collection systems in landfills regardless of applied stress, slope angle, and 
service time.  This range of values may seem high for geonets used at the horizontal 
condition; however, they may not be sufficient for geonets used on the slope under high 
applied load.  Thus, caution should be applied when adopting the reduction factor of 
horizontal condition to the slope in designing of the drainage materials.  A thorough 
evaluation on the drainage materials with different rib geometries at various inclined 
conditions should be performed in order to establish a set of appropriate reduction factors 
for drainage designs.   
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Table 2.6 - Comparison with literature at horizontal condition and 104 hours 
Stress this study Allen (2005) 
10% σc 1.03 1.04 
20% σc 1.06 1.04 
30% σc 1.19 1.07 
 
2.7.2 Practical Case 
The results of this study indicate that the inclined angle affects the creep behavior 
of the drainage components.  Based on the creep results of the geonet and geocomposite, 
the time to reach a specific reduction of percentage thickness are summarized in Table 
2.7.  The significance of the result in regard to the landfill drainage design is illustrated 
by an example.  As shown in Figure 2.22, the normal stress and the shear stress acting on 
the drainage component are calculated using Equations 2.6 and 2.7, respectively: 
 
∑= βγσ cos)( iin H     (Eq. 2.6) 
∑= βγτ sin)( ii H     (Eq. 2.7) 
 
where, σn = normal stress acting on the drainage components, τ = shear stress 
acting on the drainage components, γi = unit weight of solid waste or soil on the 
drainage components, Hi = depth of soil waste or soil on the drainage components, 
β = angle of side slope. 
 
Assuming the waste height is 13 m with a unit weight of 11 kN/m3 (i.e., best compacted 
waste in sanitary landfill (Sharma and Lewis, 1994)).  Also, as shown in Figure 2.1, the 
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geonet is placed in the secondary liner system.  A 0.6-m protective sand layer (γsand = 18 
kN/m3) is covered on the liner.  In the absence of the inclination (i.e., β = 0), σn would be 
153.8 kPa, which corresponds to approximately 30% σc in this paper.  In this condition, 
duration of 6 years is needed to reach the thickness reduction of 20%, as shown in Table 
2.7.  However, at the inclined condition of 1-to-4, it takes only two days to reach the 
same percentage of reduction under σn of 149.2 kPa and τ of 36.4 kPa.   
It should be noted that this example does not consider the possible reduction of 
shear stress on the geonet by the interaction between other materials such as geosynthetic 
clay liners (GCLs).  The creep deformation of geonet in the landfill would be strongly 
governed by the cross-sectional design and the types of materials used.  
 
Table 2.7 – Time at a percentage reduction of thickness of the drainage components 
 
Reduction of thickness  
Specimen Load Inclined condition 20% 30% 40% 
Horizontal N/A N/A N/A 
1-to-9 N/A N/A N/A 
1-to-5 11 years N/A N/A 
1-to-4 132 days 3 years N/A 
20% 
1-to-3 42 days 1 years N/A 
Horizontal 6 years N/A N/A 
1-to-9 21 days 208 days N/A 
1-to-5 3 days 13 days 132 days 
Geonet 
30% 
1-to-4 2 days 8 days 83 days 
Horizontal N/A N/A N/A 
20% 
1-to-4 0.1 hours 166 days N/A Geocomposite 
30% 1-to-4 0.1 hours 16 hours 11 years 
Note: 20% σc = 100 kPa; 30% σc = 150 kPa 
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2.8 CONCLUSIONS 
The short- and long-term compressive behavior of the HDPE bi-planar geonet 
were evaluated at five inclined conditions: the horizontal (0o), 1(V)-to-9(H) (6.3o), 1-to-5 
(11.3o), 1-to-4 (14.0o), and 1-to-3 (18.4o).  It was found that the geometry of the upper 
ribs of the geonet had a significant impact on both the short- and long-term compressive 
behavior.  In the short-term test, the compressive strength corresponded to the roll-over 
of upper ribs of the geonet.  The compressive strength decreased as inclined angle 
increases while the compressive strain increased.  
The creep behavior resulted from SIM varied greatly with applied stress and 
inclined angles.  The primary creep stage was obtained at low inclined angle and applied 
stress; whereas, the secondary and tertiary creep stages were detected at high inclined 
angle and/or applied stress.  The onset of the secondary creep stages was induced by the 
roll-over of upper ribs of the geonet.  Thus, the geometry of the geonet, particularly the 
ribs, has a strong influence to the creep behavior.  In addition, the creep reduction factor 
increased substantially when the geonet exhibited tertiary creep.  
The short- and long-term compressive behavior of the geocomposite were 
evaluated at horizontal (0o) and 1-to-4 (14o).  The results of both tests were very different 
to those of geonet alone.  The localized interface friction generated between the 
compressible needle-punched nonwoven geotextile and the ribs prevented the abrupt roll-
over of the upper ribs.  As a result, lower creep reduction factors were obtained in the 
geocomposite than in the geonet alone.   
Overall, the creep behavior of HDPE geonet and geocomposite should be 
evaluated according to the product configuration.  Geonets with different geometrical 
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designs and geocomposites with different combination of geotextile and geonet would 
yield different creep properties.  Furthermore, the density of the HDPE resin used in the 
geonet also can influence the creep behavior.  Therefore, caution should be applied when 
designing drainage materials for long-term applications, particularly in inclined 
conditions. 
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CHAPTER 3. THE SHORT- AND LONG-TERM COMPRESSIVE BEHAVIOR 
OF EXPANDED POLYSTYRENE GEOFOAM 
 
 
3.1 Introduction 
3.2 Test material and Apparatus 
3.3 Short-Term Compressive Behavior of EPS Geofoam 
3.4 Long-Term Compressive Behavior of EPS Geofoam 
3.5 Discussions 
3.6 Conclusions 
 
 
3.1 INTRODUCTION 
 Expanded polystyrene (EPS) geofoam has been used as lightweight fills in many 
geotechnical applications, including embankments, bridge abutments, and road widening 
(Horvath, 1995; Thompsett et al., 1995; Duskov, 1997; Murphy, 1997; Elragi et al., 
2001).  In these applications, the geofoam is subjected to a static compressive stress 
throughout the service lifetime, which ranges from 30 to 100 years.  Due to the 
viscoelastic property of polystyrene, the creep deformation of the geofoam is anticipated.  
In the design method of these applications, the creep property is incorporated into long-
term strength to ensure the integrity of the structure and to limit the deformation. 
Therefore, the evaluation of creep behavior of the EPS geofoam is essential to the overall 
design analysis of the structure with the geofoam.  
 Studies have been performed to evaluate the creep behavior of the EPS geofoam 
using the conventional long-term creep test with duration ranging from 1,000 to 10,000 
hours (Preber et al., 1994; Horvath, 1995; Duskov, 1997; Murphy, 1997; Negussey, 
1997).  However, data from such test duration were insufficient to predict the creep 
behavior for a service lifetime of 50 years.  
 Alternatively, Hart et al. (1973) and Missirlis et al. (2004) utilized an accelerated 
creep test based on time-temperature superposition (TTS) to predict the long-term creep 
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behavior of an extruded polystyrene (XPS) geofoam.  Instead of the long testing time, 
TTS utilizes temperatures to accelerate the creep deformation.  Creep curves obtained at 
different temperatures can then be shifted along the log time axis to generate a creep 
master curve at a lower reference temperature.   
 Recently, the stepped isothermal method (SIM) was developed to avoid material 
variability since a single test specimen was exposed on a series of temperature steps.  The 
applicability of SIM on other geosynthetics, such as polyester-terephthalate (PET) 
geogrid, polypropylene (PP) geotextile, and high density polyethylene (HDPE) geonet 
has been studied (Thornton et al., 1998a, b; Baker and Thornton, 2001; Hsuan and Yeo, 
2005).  Most of the researches yielded a good agreement between the results of SIM and 
the conventional test.   
 In addition, time-temperature-stress superposition (TTSS) has been used to 
predict the creep behavior of polymeric material by adding stress effects to TTS 
(Schapery, 1969; Yen and Williamson, 1990; Bhuvanesh and Gupta, 1994; Lai and 
Bakker, 1995; Bathgate et al., 1997; Jazouli et al., 2005).  As elevated temperatures in 
TTS, the applied stresses can accelerate creep strains based on time-stress equivalence 
(Bhuvanesh and Gupta, 1994).  Said et al. (2005) also suggested that stresses shorten the 
distribution of relaxation times by changing the intrinsic timescale of materials.  As a 
result, creep curves obtained at both elevated temperatures and high applied stresses can 
be shifted along the log time scale to obtain the creep master curve at the reference 
temperature and stress level.  This TTSS accelerated creep test is suitable for polymers 
that have limitations in adopting TTS.  For example, if the glass transition temperature of 
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the polymer falls in the temperature range of the TTS tests, the acceleration factor of TTS 
will be limited due to changes of the material.   
In this chapter, the short- and long-term compressive behavior of the EPS 
geofoam were evaluated.  Particularly, the short-term compressive behavior was 
investigated at different temperatures ranging from 23oC to 58oC.  For the long-term 
compressive behavior, SIM, TTS, and TTSS were employed as acceleration tests to 
predict the creep properties of the geofoam.  All acceleration data was compared with 
data from the conventional method to verify the acceleration method.  Based on the test 
results, the limitations of each acceleration method for the geofoam were identified and 
the most appropriate acceleration test was recommended.  
 
3.2 TEST MATERIAL AND APPARATUS  
 The density of the EPS geofoam used in this study was 20.33 (±0.19) kg/m3 
according to ASTM D1622.  The dimension of the specimens was 50 mm cube.  Figure 
3.1 shows (a) the pictorial view of the geofoam specimen, (b) illustrations of a hexagon-
shape closed cell with dimensions of the order of 100 μm, and (c) the chemical structures 
of polystyrene (Landro et al., 2002; Song et al., 2005).  The polystyrene beads are 
expanded using gaseous blowing agent (e.g., pentane) under heat (usually steam) up to 
the glass transition temperature (~ 100oC).  In this process, the blowing agent is also 
vaporized at ~ 100oC.  Then, the beads are cooled and air slowly migrates into the beads.  
The resulting geofoam consists of many hexagon-shape closed cells.  The cell walls play 
a significant role in sustaining the compressive load for the geofoam in Figure 3.1 (b).  
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 The short-term compressive tests and acceleration creep tests were performed 
using an Instron® 5583 equipped with the Merlin® software for load control and strain 
measurement, as shown in Figure 3.2(a).  The deformation of specimen was determined 
using the cross head movement, which was then divided by the initial gauge length to 
obtain the strain value.  The test temperature was controlled by an environmental 
chamber, which had a fan for an air circulation to achieve uniform temperature.  The 
accuracy of temperature in the chamber was ± 0.5oC.  The conventional creep tests were 
performed using direct dead weight loading, as shown in Figure 3.2(b).  The deformation 
of the specimen was monitored by a dial gage.     
Figure 3.1 – Illustration of (a) the EPS geofoam specimen, (b) the hexagon-shape 
closed cell with air, and (c) the molecular model 
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(a) EPS geofoam specimen (50-mm cube) (b) Closed cell with air 
(c) Molecular model
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3.3 SHORT-TERM COMPRESSIVE BEHAVIOR OF EPS GEOFOAM  
3.3.1 Experimental Method 
 The compressive property of the EPS geofoam was evaluated using the 
unconfined axial compressive test according to ASTM D 1621.  The loading was applied 
at a strain rate of 10% of the gauge length per minute.  The short-term compressive tests 
were conducted at six temperatures from 23 to 58oC with 7oC increments.  Three 
replicates were tested at each temperature to ensure the repeatability of the test.  
 
3.3.2 Short-Term Compressive Behavior at 23oC 
 Three stress/strain curves at 23°C are shown in Figure 3.3.  A bi-linear 
relationship is observed, and the curves are defined as elastic and plastic regions (Preber 
Figure 3.2 – Pictorial view of the test apparatus for (a) short-term compressive test and 
accelerated creep tests and (b) the conventional test  
Dial gauge
Geofoam 
specimen 
Compressive 
machine 
Environmental 
chamber 
Dead 
weight 
(b)(a) 
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et al., 1994).  The compressive strength of geofoam is determined at 10% strain in the 
plastic region, since the geofoam may be subjected to more than 2% strain in the 
geotechnical engineering applications.  The average compressive strength of the tested 
geofoam is 104.7 (± 2.8) kPa, which is used to calculate applied stresses for the creep 
tests.  
The bi-linear relationship in Figure 3.3 can be explained by the micro scale 
model, as shown in Figure 3.4.  In the elastic region, linear elasticity holds for the small 
strain (up to ~ 1.7%) and is controlled by the strains by bending of cell edges and 
stretching of vertical cell walls (Landro et al., 2002; Song et al., 2005).  After the strain of 
~ 1.7%, the plastic region is observed with a shallower slope than that of elastic region.  
This part is associated with the cell collapse and the strains are no longer recoverable 
(Landro et al., 2002).  In detail, Landro et al. (2002) suggested that the plastic collapse in 
closed cell foams depends on different mechanisms: (1) an onset of permanent hinges of 
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Figure 3.3 – Stress/strain curves at 23ºC  
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the cell walls and (2) an occurrence of cell wall plastic stretching.  Also, the buckling of 
cell walls can be attributed to the plastic region of the stress/strain curve (Song et al., 
2005).  
 
3.3.3 Short-Term Compressive Behavior at Elevated Temperatures 
 At the elevated test temperatures, from 30 to 58oC, the profiles of the stress/strain 
curves are similar to that at 23oC.  However, the temperature has significant effect on the 
compressive strength at 10% strain, as illustrated in Figure 3.5.  The compressive strength 
decreases as temperature increases.  A bi-linear relationship is observed, from 23oC to 
44oC and from 44oC to 58oC.  This is probably because (1) changing in the gas 
dissipation rate and/or (2) softening of the cell walls.  
 
 
Figure 3.4 – Mechanism of closed cell under the load
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3.4 LONG-TERM COMPRESSIVE BEHAVIOR OF EPS GEOFOAM 
3.4.1 Experimental Methods and Test Data  
 The creep behavior of the geofoam was evaluated by three acceleration test 
methods (i.e., SIM, TTS, and TTSS) and the conventional test method.  The SIM test was 
performed according to ASTM D 6992.  The test specimen was brought to equilibrium at 
23oC overnight.  Prior to starting the test, a pre-stress of three percent of the compressive 
strength was applied on the specimen to ensure of the intimate surface contact.  The 
desired applied stress was reached at a strain rate of 10% of the gauge length.  Applied 
stresses of 20% and 40% σc were tested.  The test specimen was exposed to six 
isothermal steps from 23oC to 58oC with increment of 7oC.  The dwell time at each 
temperature was 104 seconds (~ 2.7 hours).  Thus, the test specimen accumulated the 
strain from each isothermal step.  The testing data of SIM under 20% of compressive 
strength is shown in Figure 3.6 (a). 
Figure 3.5 – Compressive strengths at reference and elevated temperatures  
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Figure 3.6 – Testing data of (a) SIM, (b) TTS tests, and (c) TTSS test for 20% stress 
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 TTS tests were conducted based on the Appendix in ASTM D 2990.  Test 
specimens were maintained in the environmental chamber at the test temperature for 
three hours prior to the loading.  Test temperatures of 23°C, 33°C, 43°C, 53°C, and 63°C 
were employed and the duration at each temperature was 104 seconds.  New geofoam 
specimen was used at each temperature.  Applied stresses of 20% and 40% σc were 
tested.  The test data of TTS under 20% σc is shown in Figure 3.6(b).  
 In addition, the time-temperature-stress superposition (TTSS) was performed by 
adding the factor of “stress” to time-temperature superposition method.  The test method 
was the same as TTS.  Due to the change of compressive strength at 44oC (see Figure 
3.5), the temperatures used in the TTSS tests were kept below 44oC.  In order to obtain 
the creep behavior of the geofoam under 20% σc, three sets of test conditions were 
applied: (1) 20% σc at 23°C, 33°C, and 43oC, (2) 30% σc at 33°C and 43oC, and (3) 40% 
σc at 33°C and 43oC.  The reference condition is 20% σc at 23oC.  The creep curves 
obtained from other conditions will be horizontally shifted to the reference condition set 
to generate a creep master curve.  The test data is shown in Figure 3.6(c).  For 
determining the creep behavior of the geofoam under 40% σc, the tests were performed in 
(1) 40% σc at 23°C, 33°C and 43oC, (2) 50% σc at 33°C, and 43oC, and (3) 60% σc at 
43oC.  The reference condition is 40% σc at 23oC.  New specimen was utilized at each of 
stress and temperature conditions. 
 For the conventional creep test, the test specimen was brought to equilibrium at 
23°C (± 2) overnight.  The appropriate dead weight was then applied to the specimen.  
Two and three replicates were tested under 20% and 40% σc, respectively.  The testing 
data is shown in Figure 3.7. 
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3.4.2 Creep Behavior of SIM, TTS, TTSS, and Conventional Method 
 The resulting creep properties of the geofoam using SIM, TTS, and TTSS are 
compared to those of the conventional method in Figures 3.8, 3.9, and 3.10, respectively.  
The procedure to generate the creep master curve in SIM is described in ASTM D 6992 
and in Chapter 2.  Instead of using the virtual time, the onset time of each temperature 
step was employed for rescaling due to the non-equilibrium state induced by thermal 
expansion and temperature change at each initial portion of elevated temperatures (see 
Figure 3.6(a)).  When the creep master curve was created, both horizontal and vertical 
shifts were applied.  For TTS and TTSS tests, the horizontal shifting was employed to 
generate the creep master curve.   
As expected, the creep strain increases with time and applied stress level in 
Figures 3.8 to 3.10.  Figures 3.8(a) and (b) show the results of the SIM tests; the creep 
strain matches those of the conventional method up to 102 and 103 hours at 20% and 40% 
Figure 3.7 – Testing data from the conventional test method 
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σc, respectively.  After that, however, the creep strains of SIM increase exponentially 
with time.    
Figure 3.9 shows the comparison of creep strain between TTS and the 
conventional method.  At 20% σc in Figure 3.9(a), the creep strain of TTS and the 
conventional method are the same up to 102.5 hours; after that, TTS exhibits a greater 
increase in creep strain than the conventional method.  In contrast, the creep curves from 
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Figure 3.8 – Comparing between SIM and conventional method under (a) 20% and (b) 
40% σc 
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TTS and conventional method are the same under 40% σc up to 104 hours, as shown in 
Figure 3.9(b).   
For TTSS, as shown in Figures 3.10(a) and (b), the creep strain from TTSS and 
the conventional method are very close within 104.1 hours (~1.3 years) which is test 
duration of the conventional test for both applied stresses.   
Figure 3.9 – Comparing between TTS and conventional method under (a) 20% and (b) 
40% σc 
0
0.5
1
1.5
2
-2 0 2 4 6
Log time (hr)
C
re
ep
 st
ra
in
 (%
)
Time-temperature superposition
Conventional method
0
0.5
1
1.5
2
2.5
-2 0 2 4 6
Log time (hr)
C
re
ep
 st
ra
in
 (%
)
Time-temperature superposition
Conventional method
(a) 20% σc
(b) 40% σc
 81
 
 
3.5 DISCUSSIONS 
3.5.1 Temperature Effect on Creep Behavior 
3.5.1.1 Creep stage 
The large discrepancy in creep properties between SIM and the conventional 
method is probably caused by the temperature effect on the compressive strength of the 
Figure 3.10 – Comparing between TTSS and conventional method under (a) 20% and 
(b) 40% σc 
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geofoam (see Figure 3.5).  In order to examine further, Sherby-Dorn plots (i.e., creep 
strain rate vs. creep strain) are generated, as shown in Figure 3.11.  For comparison, the 
Sherby-Dorn plots for TTS and TTSS are also illustrated with those of the conventional 
method.  As shown in Figure 3.11(a), a premature secondary creep stage (i.e., the plateau 
region of the curve) is observed in the results from the SIM at both applied stresses.  
Similar behavior is also observed in Figure 3.11(b) for 20% σc in TTS.  The onset of the 
premature secondary creep stage corresponds to the temperature step of 44oC for SIM 
and 43oC for TTS.  Conversely, only primary creep stage at 20% σc is detected in TTSS, 
which utilized testing temperatures below 43oC, as shown in Figure 3.11(c).  At 40% σc 
in TTSS, the secondary creep stage occurred at 1.3% of creep strains which is not due to 
the temperature effect.  Rather, this behavior is the response of material creep behavior, 
since the secondary creep stage is also detected from the conventional test at 1.3% strain.  
Similar behavior was found by Sun (1997) who indicated that the creep deformation was 
negligible at applied stresses below 30% σc due to the dominant primary creep stage.  In 
summary, the non-linear temperature effect on the compressive strength plays a 
significant role in the premature change of the creep stage in both SIM and TTS. 
Although both SIM and TTS utilized temperatures over 44oC, a transition from 
the primary to secondary creep stage was detected in SIM at lower creep strain, but was 
not observed in TTS.  The transition led to a bigger discrepancy between SIM and the 
conventional method than between TTS and the conventional method.  The major 
difference between SIM and TTS was the accumulated strain in the SIM test specimen.  It 
seems that the accumulated strain enhances the creep deformation of the SIM specimen; 
subsequently over predicted the creep deformation of the geofoam. 
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Figure 3.11 – Sherby-Dorn plots for the results from (a) SIM, (b) TTS, and (b) TTSS 
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3.5.1.2 Creep mechanism 
 The creep mechanisms of the SIM and TTS tests are investigated using the 
activation energy.  Since the occurrence of creep behavior is a result of a thermal 
activation process, a rate of molecular mobility can be used to examine the creep 
mechanism.  The rate is represented by the Arrhenius-type equation, which consists of 
stress, temperature, and activation energy in Equation 3.1: 
 
)exp(
RT
QA nss σε =•       (Eq. 3.1) 
  
where ε˙ss = steady-state creep strain rate (%/sec), σ = applied stress (kN/m2),  
n = stress exponent, Q = activation energy (J/mol), R = gas constant = 8.314 
J/mol·K, and T = absolute temperature (K).  
 
Figure 3.12 shows the steady-state creep strain rate obtained after horizontal shift 
factors were applied.  At both 20% and 40% σc, bi-linear curves with transition 
temperature at 44oC or 43oC is detected in SIM and TTS, respectively.  Such transitions 
consistent with those in the short-term compressive strength (see Figure 3.5).  Table 3.1 
summarizes the activation energies.  At temperature range below the transition 
temperatures, the average activation energy is 187.6 kJ/mol for SIM and 206 kJ/mol for 
TTS, while lower energy values are obtained at temperature range above the transition.   
This suggests that geofoam underwent different creep mechanisms between the two 
testing temperature regions. 
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In addition, the activation energies below the transition temperatures are similar to 
the published values.  Hart et al. (1973) found activation energy of 239.4 kJ/mol for 
extruded polystyrene (XPS) at temperature below 50oC, and Missirlis et al. (2004) 
measured activation energy of 202 kJ/mol for the EPS geofoam using TTS with dwell 
time of 103 hours.   
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Figure 3.12 – Creep strain rate after applying horizontal shift factors in (a) SIM and 
(b) TTS 
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Table 3.1 – Activation energy of SIM and TTS tests 
SIM TTS 
Temperature(oC) 
20% (kJ/mol) 40% (kJ/mol) 20% (kJ/mol) 40% (kJ/mol) 
23-43 (44 in SIM) 181.3 193.8 215.7 196.3 
43 (44 in SIM)-63 108.5 107.5 141.4 131.4 
  
 
3.5.2 Relationship between Short-Term Result and Creep Behavior 
 The test results clearly indicate that the short-term compressive behavior at 
elevated temperature above 44oC has a direct impact to the creep responses from SIM and 
TTS.  On the other hand, the creep properties from TTSS and the conventional method 
can be associated with the short-term compressive behavior in terms of the deformation 
of closed cells in the geofoam.  The secondary creep stage at 40% σc in TTSS and the 
conventional creep test is investigated by comparing to the plastic region of the short-
term compressive curve in Figure 3.3.  The onset of the secondary creep stage occurred at 
strain of 1.3% and 1.4% in TTSS and the conventional method, respectively; these values 
are quite close to the onset of plastic region at 1.7% strain value in the short-term test, 
indicating that the onset of secondary stage corresponds to the beginning of the plastic 
behavior of the closed cell.    
 
3.6 CONCLUSIONS 
 The short- and long-term behavior of the EPS geofoam were evaluated, and they 
were closely related to the geometric changes of closed hexagon-shape cells.  In the 
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short-term tests, the compressive strength decreased as the test temperature increases.  
Furthermore, a bi-linear relationship between the compressive strength and temperature 
was detected; a steeper slope was obtained at temperatures above 43oC.  The temperature 
effect on the geofoam compressive strength led to a premature secondary creep and 
changes in activation energy.  Both phenomena may be caused by changing of gas 
dissipation rates and/or softening of closed cell walls.   
 Alternatively, TTSS was conducted at temperatures below the temperature 
transition values.  The creep strains from TTSS also were found to be close to those from 
the conventional test method.  Therefore, TTSS is the most appropriate methods to 
predict the creep behavior of the EPS geofoam.  In addition, the secondary creep occurs 
at strain above 1.3% which should be the strain limit used to design geofoam.   
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CHAPTER 4. TENSILE CREEP BEHAVIOR OF HIGH DENSITY 
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4.1 INTRODUCTION 
 Geogrids are widely used in walls, slopes, foundations, and roads as 
reinforcement in which they are subjected to constant stress throughout their service life 
(Carroll and Chouery-Curtis, 1991; Koerner, 2005; Fannin, 2001).  Many design methods 
utilize long-term strength or a modulus value that incorporates reduction factor for creep 
to ensure the integrity of the structure and to limit deformation.  Typically, the long-term 
strength values refer to service lives from 50 to 100 years depending on the type of the 
engineering structure.  Thus, the creep behavior of geogrids should be properly evaluated 
so that the appropriate factor of safety (FS) can be incorporated into the long-term design 
of structural systems.  
 Creep refers to a time-dependent deformation process at a stress less than the 
tensile strength of the material (Nielsen, 1974).  The creep property varies with the type 
of polymer and service temperature with respect to the glass transition temperature, Tg, 
and melting temperature, Tm, of the polymer.  Geogrids are commonly made from four 
types of polymers; polyethylene-terephthalate (PET), high density polyethylene (HDPE), 
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polypropylene (PP), and polyvinyl alcohol (PVA).  Depending on the manufacturing 
process, various degrees of orientation are introduced to the polymer, causing different 
creep responses among these geogrids.  Therefore, the creep property of each type of 
geogrid should be evaluated so that the appropriate long-term strength values can be 
established for the design.  
Ideally, the creep behavior of geogrids should be evaluated using a method that 
requires a long testing time of 104 hours (i.e., ~ 1.14 years) to obtain data at the 
laboratory ambient condition, which is the conventional creep test by ASTM D 5262.   
Leshchinsky et al. (1997) determined the creep behavior of PET and HDPE geogrids 
using the conventional creep test method and found that the HDPE geogrid strained more 
than the PET geogrid.  McGown et al. (1995) measured the creep strains of HDPE 
geogrid at different locations and concluded that the strains did not occur uniformly 
across the specimen due to the geometry of geogrid.  Den-Hoedt (1986) compared creep 
behavior of PE, PET, PP and PA (polyamide) using the conventional creep test method.  
He found that there was only a small difference among the four polymers at low applied 
stresses; however, PE and PP showed a greater sensitivity to creep deformation than PET 
and PA at high stresses.  The conventional creep data with duration of 104 hours (~ 1.14 
years) certainly cannot cover the service lifetime of the geogrids.  Even so data from the 
test can be extrapolated (usually linearly) to predict the long-term behavior, the 
extrapolation should be confined within one log cycle.  Furthermore, the uncertainty of 
the extrapolation increases with time.   
Alternatively, the viscoelastic properties of polymeric materials can be predicted 
using Time-Temperature Superposition (TTS) described in Chapter 1.  Farrag and Shirazi 
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(1997) and Farrag (1998) acquired creep properties of HDPE geogrid using TTS with an 
isothermal time of 1,000 hours at four or five temperature steps.  The data was compared 
to the result of the conventional creep test method and good agreement was found at 
applied stresses less than 30% of the ultimate tensile strength.  
The alternative accelerated creep test, the Stepped Isothermal Method (SIM), has 
been widely used to evaluate the creep behavior of geogrids, and the concept of test was 
described in Chapter 1.  For geogrids, Thornton et al. (1998a, b) used SIM for 
characterizing creep behavior of the PET geogrid at different loads to illustrate the 
advantage of SIM by utilizing a single specimen throughout the elevated temperatures.  
They also demonstrated that the creep strain from SIM matched very well with that of the 
conventional method.  Greenwood and Voskamp (2000) investigated the creep behavior 
of PET straps/bars using SIM under different load conditions.  The resulting creep 
rupture curves from SIM were similar to those obtained from the conventional method.  
Lothspeich and Thornton (2000) compared creep behavior of HDPE, PP, PET, PVA and 
PA geogrids using SIM, indicating that HDPE and PP are more sensitive to creep 
deformation than the others. 
In this chapter, the creep behavior of PET and HDPE geogrids were evaluated by 
five test methods: short-term SIM, long-term SIM, short-term TTS, long-term TTS, and 
the conventional method.  The reason for selecting these two types of geogrids in this 
study is that they exhibit either the glassy- or rubbery-state of the creep behavior. The 
results from these five test methods are compared with respect to the creep deformation 
and the creep mechanism.  In addition, the molecular models for the PET and HDPE 
geogrids under creep are introduced.  For the engineering design perspective, the creep 
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reduction factors were determined from the creep rupture curve obtained from the results 
of SIM tests.  
 
4.2  TEST MATERIALS AND APPARATUS 
 The physical properties of the PET-strap type geogrid and HDPE geogrid used in 
this study are listed in Table 4.1.  The pictorial views of both geogrids are shown in 
Figure 4.1 with their chemical structures.  As revealed in Figure 4.1, a PET repeat unit is 
much more complex than that of HDPE.  The repeating unit of PET consists of one 
benzene ring, two ethers, two carbonyl groups and two methylene units (Cail and Stepto, 
2003).  Contrastively, a HDPE repeating unit is simple with an ethyl group, which forms 
a long chain of carbon atoms with two hydrogen atoms attached to each carbon atom.   
 
Table 4.1 – Selected physical properties of the HDPE and PET geogrids 
Property Test standard HDPE PET 
Unit weight (g/m2) ASTM D 5261 826 1067.9±11.8 
Density (kg/m3) ASTM D 792 949 1370 
Aperture size (mm) 
MD 
XD 
Direct measurement 
 
121±2 
5 to 15 (oval) 
 
33.4±0.4 
33.5±0.8 
 
Figure 4.2 shows a pictorial view of the test apparatus.  The tensile property tests 
and the short-term SIM and TTS tests were conducted using Instron® 5583 with Merlin® 
software for load control and strain measurement, as shown in Figure 4.2(a).  The 
deformation of the specimen was determined by the cross head movement, which was 
then divided by the initial gauge length to obtain the strain value.  The test 
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Figure 4.1 – Pictorial view of geogrid specimens and schematic of their molecular 
models; (a) PET strap type and (b) HDPE  
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Figure 4.2 – Pictorial view of the test apparatus for (a) the short-term SIM and TTS 
tests, (b) the long-term SIM and TTS tests, and (c) the conventional test 
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temperature was controlled by the environmental chamber, having a fan for air 
circulation to achieve uniform temperature.  A thermocouple connected to a temperature 
controller was also placed in the chamber.  The temperature accuracy inside the chamber 
was ±0.5oC.  In addition, another thermocouple from an extra thermometer was attached 
on the specimen during the test for confirmation.  A set of box type grips was used to 
hold the geogrid test specimens.  The test specimen with three parallel ribs was mounted 
to the grips and then the two outer ribs were cut prior to starting the test.  This mounting 
method provided a uniform loading on the central single rib.   
 Figure 4.2(b) shows the test set up for the long-term SIM and TTS tests.  The load 
was applied to the specimens using the cantilever dead weight.  The deformation of  
specimen was measured with a dial gauge.  The test specimens were mounted inside of an 
environmental chamber, which was fabricated using extruded polystyrene (XPS) foam 
with 25.4mm-thickness.  The size of chamber was 805 mm (W) × 400 mm (H) × 280 mm 
(L).  The inside surfaces of the chamber wall were covered with aluminum foil and a fan 
was positioned adjacent to the heater to enhance the uniformity of the temperature.  A flat 
heater and a thermocouple connected to a temperature controller were placed inside the 
chamber.  The accuracy of temperature in the chamber was ± 1.0oC.   
 The test set up for the conventional tests are shown in Figure 4.2(c), and is 
conceptually similar to that for the long-term SIM and TTS tests except for the 
environmental chamber.  The methods to apply the load, to mount the specimen, and to 
measure the deformation were same as those of the long-term SIM and TTS tests.  The 
room temperature of 23 ± 2oC was kept.   
 
 95
4.3  TENSILE STRENGTH OF SPECIMENS 
The tensile test of the geogrids was evaluated according to the test procedure 
described in ASTM D 6637.  The loading was applied at a strain rate of 10% of the gauge 
length per minute.  Five replicates were tested to obtain statistical significance.  The 
load/deformation curves of the PET and HDPE test specimens are shown in Figures 4.3(a) 
and (b), respectively.  The failure took place close to the middle of the PET geogrid 
specimen (i.e., the middle junction) and occurred in the upper portion of the rib in the 
Figure 4.3 – Load/deformation curves for (a) PET and (b) HDPE geogrids 
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HDPE geogrid.  The average ultimate tensile strengths (UTS) are 1.68 kN/strap (± 0.062) 
and 1.70 kN/rib (± 0.045) for the PET and HDPE geogrids, respectively.  The UTS 
values are used to calculate different applied loads for the accelerated creep tests.  
 
4.4  CREEP TEST DESIGN AND METHOD 
4.4.1 Creep Test Design  
 The creep behavior of the PET and HDPE geogrids were evaluated using five test 
methods, as summarized in Table 4.2.  The “short-term” and “long-term” represent 104 
seconds (~ 2.7 hours) and 103 hours (~ 1.1 month) per each isothermal step, respectively.  
The short-term accelerated tests were performed at both low applied loads (LALs) which 
are 20, 30, 40% UTS for PET and 10, 20, 30% UTS for HDPE, and high applied loads 
(HALs) which are 50, 60, 70% UTS for PET and 40, 50, 60% UTS for HDPE.  For the 
long-term accelerated creep tests and the conventional creep test, only LALs were 
utilized.   
 
Table 4.2 – Test design for creep behavior 
 
Geogrid 
Creep test method Isothermal duration
PET HDPE 
Short-term 
(10,000 sec) 
20, 30, 40, 
50, 60, 70% 
10, 20, 30 
40, 50, 60% Stepped Isothermal 
Method (SIM) Long-term 
(1,000 hrs) 20, 30, 40% 10, 20, 30% 
Short-term 
(10,000 sec) 
20, 30, 40, 
50, 60, 70% 
10, 20, 30 
40, 50, 60% 
Accelerated 
creep tests 
Time-Temperature 
Superposition 
(TTS) Long-term 
(1,000 hrs) 20, 30, 40% 10, 20, 30% 
Conventional method 10,000 hrs (~ 1.1 yrs @ 23oC) 20, 30, 40% 10, 20, 30% 
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4.4.2  Short-Term Stepped Isothermal Method (SIM) Tests 
The short-term SIM tests were performed according to ASTM D 6992.  The test 
specimen was brought to equilibrium at 23 ± 2oC overnight.  Prior to starting the test, a 
pre-stress of one percent of the tensile strength was applied to the specimen.  The test was 
started by loading the specimen at a strain rate of 10% of the gauge length per minute to 
reach the desired applied load.  The test specimen was exposed to five to nine 
temperature steps from 23oC with increments of 14oC for the PET geogrids and 7oC for 
the HDPE geogrids.  The discrepancy of the temperature increments between two 
geogrids is affected by their different temperature dependency.  The PET geogrid is less 
sensitivity to temperature changes in comparison with the HDPE geogrid.  At the initial 
part of curves, the data was collected for every 10 seconds of time and for every 20 N of 
the load up to 150 seconds.  After that, the data was recorded every 60 seconds.  The 
short-term SIM testing data of the PET and HDPE geogrids under LALs and HALs are 
shown in Figures 4.4 and 4.5, respectively.     
 
4.4.3  Long-Term Stepped Isothermal Method (SIM) Tests 
Basically, the long-term SIM test was performed according to ASTM D 6992 
except adopting a much longer isothermal time (i.e., 103 hours per one temperature step).  
The test specimen was brought to equilibrium at 23 ± 1oC overnight.  The test was started 
by applying the dead load to the specimen.  The test specimen was subjected to a 
sequence of four or five temperature steps from the lowest testing temperature (23oC) as a 
reference temperature.  The temperature increments are same as those of the short-
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term SIM tests.  The long-term SIM testing data of the PET and HDPE geogrids under 
LALs are shown in Figure 4.6.   
 
4.4.4 Short-Term Time-Temperature Superposition (TTS) Tests 
The test specimen was brought to equilibrium at the desired test temperature for 3 
hours.  Prior to starting tests, a pre-stress of one percent of the ultimate tensile strength 
Figure 4.4 – Testing data of short-term SIM under lower applied loads (LALs);  
(a) PET and (b) HDPE 
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obtained at 23oC was applied.  The test was started by loading the specimen at a strain 
rate of 10% of the gauge length per minute until the target load level was reached.  Each 
temperature condition of 23, 37, 51, 65, and 79oC for the PET geogrid and of 23, 30, 37, 
44, 51, 58, and 65oC for the HDPE geogrid were kept for 104 seconds (~ 2.7 hours).  A 
new test specimen was used for each test temperature.  The collecting frequency of data 
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Figure 4.5 – Testing data of short-term SIM under higher applied loads (HAL); (a) PET 
and (b) HDPE 
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is the same as that of the short-term SIM test.  The testing data of the PET and HDPE 
geogrids under 30% UTS are shown in Figure 4.7, as a representative of creep curves 
under LALs.  Figure 4.8 shows the testing data of the two geogrids under 60% UTS as a 
representative of HALs.  The experimental data at other applied loads is shown in 
Appendix A. 
Figure 4.6 – Testing data of long-term SIM under LAL; (a) PET and (b) HDPE 
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4.4.5  Long-Term Time-Temperature Superposition (TTS) Tests 
The test specimen was maintained at the desired test temperature for 24 hours before 
starting the test.  The long-term test utilized the cantilever dead weights.  The methods to 
mount the specimen and to start the test are the same as the long-term SIM test.  The 
condition of test temperatures is also the same as that of the short-term TTS test.  A new 
test specimen was used for each test temperature.  Figure 4.9 shows the testing data under 
30% UTS for the PET and HDPE geogrids.  The testing data at other applied loads is 
attached in Appendix A.   
Figure 4.7 – Testing data of short-term TTS under 30% UTS; (a) PET and (b) HDPE 
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4.4.6  Conventional Tests  
 The conventional tests were performed according to ASTM D 5262, except for 
the size of specimen.  A test temperature of 23oC was sustained for 104 hours (~ 1.1 
years).  Testing data is shown in Figure 4.10 for the PET and HDPE geogrids obtained 
under LALs. 
Figure 4.8 – Testing data of short-term TTS under 60% UTS; (a) PET and (b) HDPE 
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4.5 CREEP MASTER CURVE FROM SIM TESTING DATA 
 The testing data obtained from the accelerated creep methods are analyzed to 
generate the master curve.  The creep master curves for the short- and long-term TTS can 
be created simply using horizontal shifting along log-time axis.  In contrast, the process 
to generate the master curves from the short- and long-term SIM tests is more complicate 
than TTS, and such process is described in this section.  
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Figure 4.9 – Testing data of long-term TTS under 30% UTS; (a) PET and (b) HDPE 
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4.5.1 Tensile Creep Master Curve According to ASTM Procedures 
 The procedure to generate the creep master curve for tensile test data is illustrated 
in Figure 4.11.  This procedure is well described in ASTM D 6992, and was developed 
by Thornton (Thornton et al., 1998a, b).  Figure 4.11(a) shows the testing data obtained 
from the tensile SIM test.  With this data, the virtual starting times, tn’, at each elevated 
temperature are determined in Figure 4.11(b).  Thornton et al. (1998a) suggested that tn’ 
should be used to rescale the creep property at the elevated temperatures since creep at 
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Figure 4.10 – Testing data of conventional method; (a) PET and (b) HDPE 
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the higher temperature must have occurred at an earlier time than the real starting time, tn, 
if a new specimen was used at each elevated temperature.  The tn’ is determined by 
iteratively varying a candidate tn’ until a close match between the initial slopes of the 
strain curves to the end slope of the previous strain curve (Allen, 2005).  Using this 
method, the creep curves at each elevated temperature are rescaled by subtracting tn’ from 
all data in each step (Sn), as shown in Figure 4.11(c).  In this case, there is no overlapping 
between two consecutive creep curves.  The total creep deformation equals to the sum of 
the individual creep, assuming that Boltzmann superposition principle (see Chapter 1) is 
valid.  The rescaled creep curves in Figure 4.11(c) are then shifted horizontally to achieve 
the creep master curve, as shown in Figure 4.11(d).   
Strain  
 (%) 
Time (sec)t2  t2’  
t3  t4  t5  
t3’  t4’  t5’  
(b)
Log time (sec)
S2
S3
S4
S5
(c) 
S1
4 2 
Strain  
 (%) 
Creep 
strain  
 (%) 
100 years
Log time (hr)
-2 0 2 4 6 
(d)
Figure 4.11 – Procedure to generate a tensile creep master curve from a testing data for 
HDPE geogrid by ASTM 
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Based on this procedure, the creep master curves of PET and HDPE geogrids are 
created using the test data under 50% (PET) and 40% UTS (HDPE) in Figure 4.5, and 
can be seen in Figure 4.12(a) and (b), respectively.  The tn and tn’ at each temperature 
step are listed for both geogrids in Table 4.3.  The HDPE geogrid exhibits a much larger 
time difference (i.e., tn – tn’) than the PET geogrid.  This is probably because the HDPE 
geogrid is more susceptible to creep deformation than PET at the test temperature.  In 
addition, the high thermal expansion of the HDPE geogrid certainly introduces error to 
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Figure 4.12 – Tensile creep master curve of PET and HDPE geogrids by ASTM 
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the beginning of the creep curve.  The high thermal expansion of HDPE was detected in 
the compressive strains of the HDPE geonet by exhibiting an initial decrease at each 
elevated temperature step (see Figure 2.11 in Chapter 2).  Subsequently, the starting time, 
tn, at each temperature step was used for rescaling each creep curve instead of tn’.  Clearly, 
thermal expansion also occurred in the geogrid specimen during the tensile SIM test.  
However, the influence of thermal expansion to the tensile strain data cannot be separated 
from the mechanically induced creep strain, since they are acting in the same direction.  
Nevertheless, the effect of thermal expansion must be considered in the data analysis 
procedure of tensile SIM data. 
 
Table 4.3 – Real and virtual starting times on the SIM by ASTM  
PET geogrid HDPE geogrid Temperature 
Step tn (sec) tn’ (sec) tn-tn’ (sec) tn (sec) tn’ (sec) tn-tn’ (sec) 
1 0 0 0 0 0 0 
2 10080 9850 230 10128 8416 1712 
3 20100 19850 250 20148 18401 1747 
4 30120 29850 270 30168 28438 1730 
5 40080 39850 230 40128 38611 1517 
6 N/A N/A N/A 50088 48910 1178 
7 N/A N/A N/A 60108 58229 1879 
8 N/A N/A N/A 70068 66654 3414 
Note: tn: real starting time; tn’: virtual starting time; reference temperature (i.e., step 1): 
23oC; temperature increments: 14oC for the PET geogrid and 7oC for the HDPE geogrid 
 
4.5.2 Tensile Creep Master Curve According to Modified Procedures 
The data analysis procedure to generate the creep master curve for compressive 
SIM tests is applied to that of the tensile test so that the initial non-equilibrium state 
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caused by thermal expansion and temperature change can be removed.  Figure 4.13(a) 
shows the test data, which is the same as Figure 4.11(a).  In Figure 4.13(b), the modified 
method utilizes tn at the elevated temperature steps instead the use of tn’.  Then, Figure 
4.13(c) shows the rescaled creep curves in which the initial non-equilibrium portion of 
the curve exhibits a different slope and is discarded. Vertical shifts are required to 
accommodate the gaps created by the removal of initial portion of the curve.  Figure 
4.13(d) shows the creep master curve after using both horizontal and vertical shifting.  
Figure 4.14 shows three creep master curves obtained from SIM by ASTM, the modified 
SIM, and the short-term TTS.  For the PET geogrid, three curves are very close to each 
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Figure 4.13 – Proposed procedure to generate a tensile creep master curve from a 
testing data for HDPE geogrid 
Strain  
 (%) 
Time (sec)
S1
S2
S3 
S4
S5
(b)
10000 30000 50000 
t2 t3 t4 t5
Log time (sec) 
S2
S3
S4
S5
(c) 
S1
Elimination part
4 2 
 
Gap 
 109
other, exhibiting a linear relationship between the tensile creep strain and log time until 
rupture in Figure 4.14(a).  For the HDPE geogrid, the resulting creep strain from the three 
tests are very similar up to 103 hours with linear relationship between tensile creep strain 
and log time, as shown in Figure 4.14(b).  However, pronounced discrepancy can be 
observed between two SIM creep curves, whereas the TTS creep curve is much closer to 
the modified SIM curve, confirming that the initial non-equilibrium state at each elevated 
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temperature step has great effects to the creep deformation of the HDPE geogrid in the 
SIM test. Therefore, the modified procedure is used to analyze all SIM tensile test data.  
 
4.5.3 Repeatability Using Modified Procedure 
 Three replicate tests were performed to evaluate the repeatability of the short- and 
long-term SIM tests at 30% UTS of the PET and HDPE geogrids.  Three creep master 
curves on the short- and long- term SIM tests are shown in Figure 4.15.  The quantitative 
comparison among the three curves is determined by using the creep strain at times of 101, 
103, and 105 hours.  The average values and standard deviations are summarized in Table 
4.4.  Data indicates a good consistency among three creep curves on each of the test 
methods for both geogrids.  
 
Table 4.4 – Statistical significance of the short- and long-term SIM test on the geogrids 
under 30% UTS 
 
Creep strain (%) 
Geogrid Test Time (hours) Test 1 Test 2 Test 3 
Average 
(%) 
Standard 
deviation 
(%) 
101 2.36 2.11 1.96 2.14 0.20 
103 3.13 3.26 2.87 3.08 0.20 
Short-
term 
SIM 105 3.68 3.91 3.39 3.66 0.26 
101 2.10 2.35 2.54 2.33 0.22 
103 2.93 3.24 3.44 3.21 0.26 
PET 
Long-
term 
SIM 105 3.58 3.73 3.92 3.75 0.17 
101 5.07 4.83 5.28 5.06 0.23 
103 6.30 6.55 6.54 6.46 0.14 
Short-
term 
SIM 105 7.26 7.98 7.66 7.63 0.36 
101 5.64 5.23 5.47 5.45 0.21 
103 6.96 6.41 6.46 6.61 0.30 
HDPE 
Long-
term 
SIM 105 8.18 7.56 8.06 7.93 0.33 
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4.6 CREEP TEST RESULTS 
4.6.1 Creep Properties of PET Geogrids 
 The resulting creep properties of the PET geogrid are shown in Figure 4.16 using 
five creep test methods.  The creep strain increases with time and applied load.  Figure 
4.16(a) shows the results of the short-term SIM and TTS, together with the conventional 
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Figure 4.15 – Repeatability of creep behavior of the PET and HDPE geogrids using 
(a) the short-term SIM and (b) the long-term SIM under 30% UTS 
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Figure 4.16 – Creep properties of PET geogrid; (a) short-term and conventional tests 
at LAL, (b) long-term and conventional tests at LAL, and (c) short-term tests at HAL 
30% 
40% 
20% 
50% 
60%
70%
(b) 
(c) 
0
2
4
6
8
10
-2 0 2 4 6 8
Log time (hour)
C
re
ep
 st
ra
in
 (%
)
Short-term SIM
Short-term TTS
Conventional method
20% 
30% 
40% 
(a) 
 113
method at LALs.  The creep strain from the conventional method was monitored up to 
104 hours (~ 1.14 years).  Within the LALs range, all three curves are similar, having a 
linear relationship between creep strain and log time.  For the short-term SIM and TTS, 
the creep master curve extends linearly up to 106 hours (~ 114 years).  In Figure 4.16(b), 
the results of the long-term SIM and TTS, and the conventional method are compared 
under three LALs.  The creep curves are similar to those in Figure 4.16(a).  Figure 4.16(c) 
shows the creep properties acquired using the short-term SIM and TTS under HALs.  
Their resulting creep curves are close under the same stress.  The creep strain increases 
linearly with log time; and then creep rupture was detected at all three applied loads.   
 
4.6.2 Creep Properties of HDPE Geogrids 
Figure 4.17 exhibits the creep behavior of the HDPE geogrid using five creep test 
methods.  An increase in log time and applied load results in an increase in creep strain.  
Figure 4.17(a) shows the resulting creep behavior from the short-term SIM and TTS tests, 
and the conventional test under LALs.  The creep master curves from the short-term SIM 
and TTS cover a time period of 106 hours (~ 114 yrs), and the curve of the conventional 
method reached a duration of 104 hours (~ 1.14 yrs).  Their creep properties are similar 
within 104 hours and keep a linear relationship with log time.  Beyond 104 hours, 
discrepancy in creep strain (i.e., 0.8%, 1.3%, and 0.8% at 10, 20, and 30% UTS, 
respectively) can be observed between SIM and TTS at 106 hours, and may be caused by 
material variability in the TTS test.  In Figure 4.17(b), the results of the long-term SIM 
and TTS tests are compared to that of the conventional test under LALs.  The three 
master curves are similar and the creep strain also shows a linear relationship with log 
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Figure 4.17 – Creep properties of HDPE geogrid; (a) short-term and conventional tests 
at LAL, (b) long-term and conventional tests at LAL, and (c) short-term tests at HAL 
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time.  In contrast to the linear behavior at LALs, non-linear creep properties are detected 
in the short-term SIM and TTS tests at HALs, as shown in Figure 4.17(c).  The onsets of 
the non-linearity take place at 103.5, 101.5, and 10-0.5 hours under 40, 50, and 60% UTS, 
respectively.  The creep strains from both SIM and TTS are relatively close.  The tests 
were terminated by creep rupture.    
     
4.6.3 Creep Stages of PET and HDPE geogrids 
Prior to creep rupture, a linear relationship between creep strain and log time was 
observed in the PET geogrid, as shown in Figure 4.16(c).  In contrast, the HDPE geogrids 
exhibited both linear and non-linear behavior before the rupture, as illustrated in Figure 
4.17(c).  In order to identify the different creep stages that the geogrids underwent, the 
strain data is further examined by presenting in a Sherby-Dorn plot (i.e., creep strain rate 
vs. creep strain), as shown in Figure 4.18.  The Sherby-Dorn plot is a useful mean to 
identify plastic flow of the material (Sherby and Dorn, 1958; Wilding and Ward 1984).  
Since the creep curves from different methods are very similar, data from the short-term 
SIM tests are used to generate the Sherby-Dorn plot. 
For the PET geogrid in Figure 4.18(a), the creep strain rate decreases linearly as 
creep strain increases under LALs, indicating that the geogrid undergoes a primary creep 
stage.  Under HALs, the same linear correlation between creep strain rate and creep strain 
is also detected prior to the onset of tertiary creep stage, indicating by the rapid increase 
in strain rate.  Interestingly, the secondary creep stage, as reflected by the constant creep 
strain rate with increasing the creep strain, is not detected.  Furthermore, at 70% UTS, the 
rupture occurred before reaching the tertiary creep stage.  The results indicate that the 
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primary creep is the dominating mechanism for this particular PET geogrid.  In addition, 
the slopes of the primary creep curves are similar under all applied loads.  
 For the HDPE geogrids in Figure 4.18(b), the geogrid exhibits only a primary 
stage at LALs; whereas, secondary and tertiary creep stages are observed under HALs.  
The onset of the secondary creep stage is detected at approximately 10% of creep strain.  
The 10% of creep strain has been reported as “performance limit strain” for the HDPE 
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geogrid by Den Hoedt (1986), Ingold et al. (1994), and McGown et al. (1995). Also the 
tertiary creep stage is observed starting at approximately 60% of creep strain and then 
leads to the creep rupture.  As a result, the creep behavior of the HDPE geogrid is 
governed by the primary creep stage under LALs, whereas the secondary creep stage (i.e., 
plastic flow) is the major control mechanism for the creep behavior under HALs. 
 
4.7 DISCUSSIONS 
4.7.1 Creep Strain 
 The creep strains of PET and HDPE geogrids in Figures 4.16 and 4.17, 
respectively, reveal that the PET geogrid strained much less than the HDPE geogrid at 
the same percentage of UTS.  This is because PET is in a glassy state at the testing 
temperatures, and the movement of polymer chains is hindered by the limit amount of the 
free volume.  Similar phenomenon has been presented by Den Hoedt (1986), 
Leshchinsky et al. (1997), and Greenwood et al. (2000). 
 
4.7.2 Slope of Creep Curves 
All creep curves of the PET geogrid in Figure 4.16 are relatively parallel to each 
other, whereas the slopes of the creep curves are different in the HDPE geogrid in Figure 
4.17.  The slopes of the linear portion of creep curves from the PET and HDPE geogrids 
are presented in Figure 4.19.  Each point represents the average slope value calculated 
from five test methods under LALs and two methods under HALs.  As expected, the 
slopes from the PET geogrid remains essentially unchanged, while the slopes increase 
exponentially with applied load for the HDPE geogrid.   
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The reason that the slopes of creep curves of the PET geogrid are independent to 
the applied load can be explained by the molecular chain transformation.  Figure 4.20 
illustrates the modulus/displacement and load/displacement curves of the PET geogrid.  
The pronounced peak of the modulus curve is revealed at a displacement of ~ 0.6 mm 
which corresponds to a load of 0.2 kN/strap (i.e., ~ 15% UTS) in the load/displacement 
curve.  This peak indicates the maximum resistance to the elongation of the PET geogrid 
and is caused by the break down of the entanglement network due to changes in the 
molecular conformation from gauche → trans transitions, i.e., from high energy level to 
low energy level in molecular arrangement, in the amorphous region (Van Den Heuvel et 
al., 1993; Voskamp and Retzlaff, 2006).  Therefore, the peak can be used to divide the 
load/elongation curve into two regions.  Region 1, approaching the peak, can be 
explained by the entanglement of molecular chains resulting in a high modulus.  After the 
peak, in Region 2, the entangled molecular chains start to being uncoiled.  In the creep 
Figure 4.19 – Slopes of creep curves in the primary creep stage 
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tests, the applied loads, from 20 to 70% UTS, are placed in Region 2.  The polymer 
chains in the PET geogrid underwent the same molecular movement (i.e., trans), and thus 
exhibited a similar potential energy.  This similarity in the potential energy will be 
verified using the activation energy of creep mechanism in later section of this chapter.   
 In order to verify the molecular movement concept, a short-term SIM test was 
performed at 10% UTS, which is Region 1 of the load/displacement curve.  The resulting 
creep master curve is shown in Figure 4.21 together with other creep curves at higher 
applied loads from Figure 4.16(a).  The slope of creep strains at 10% UTS is much lower 
than the others, as shown in Figure 4.22.  This indicates that the PET geogrid under 10% 
UTS had higher energy with conformation of gauche. 
 
Figure 4.20 – Modulus of load/displacement curve of PET 
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For the HDPE geogrids, the slopes of the creep curves obtained in the primary 
stage increases with loads exponentially.  Since the amorphous region in the HDPE 
geogrids is in a rubbery state which behaves as a highly viscous fluid, the viscosity of the 
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Figure 4.22 – Slopes of creep curves in the primary creep stage of PET geogrid 
including 10% UTS 
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Figure 4.21 – Creep strains under 10% with the strains under other load conditions 
from Figure 4.16 
20% 
10% 
30% 
40% 
 121
amorphous region is the main contributor to the creep deformation of the HDPE geogrid.  
The viscous fluid is expressed using the shear stress and strain rate by Equation 4.1: 
 
•= γητ                                                             (Eq. 4.1) 
 
where, τ = shear stress, η = viscosity, and γ˙  = strain rate = Δstrain/Δtime 
 
According to Newton’s law, the shear stress is ideally proportional to the strain rate in 
Newtonian fluid.  In real systems, however, non-Newtonian fluid (particularly shear 
thinning) is generally observed, as expressed by Equation 4.2: 
 
••= γγητ )(a                                                             (Eq. 4.2) 
 
where, τ = shear stress, ηa = apparent viscosity, and γ˙  = strain rate 
 
The strain rate corresponds to the disentanglement of polymer chains which increase with 
shear stress.  The profile of non-Newtonian fluid curve is very similar to the curve of the 
HDPE geogrids in Figure 4.19.   
 
4.7.3 Molecular Model of Geogrids in Creep Stages 
The curves of creep strain rate against creep strain in Figure 4.18 revealed that the 
PET and HDPE geogrids exhibited different creep stages under HALs.  The PET geogrid 
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consisted of only primary and tertiary creep stages, whereas a pronounced secondary 
creep stage was detected in the HDPE geogrid.  In order to explain the different creep 
behavior of these two types of geogrids, a molecular model is presented for the PET and 
HDPE geogrids, as shown in Figures 4.23 and 4.24.  Figures 4.23(a) and 4.24(a) show the 
crystalline and amorphous phases in semi-crystalline polymer without any external load.  
In this state, Zhou and Wilkes (1998) and Yoon and Flory (1977) particularly suggested 
three different types of amorphous regions: (1) relaxed chains in the random coil stage; (2) 
cilia suspended from the chain-folding surface of the crystalline lamellae; and (3) tie-
Figure 4.23 – Physical molecular model during tensile deformation of PET under 
creep; (a) the crystalline and amorphous regions without any load, (b) straightening 
the amorphous region (primary creep stage), and (c) rupturing the tie-molecule in the 
amorphous region (tertiary creep and rupture); Note: C: crystalline region 
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chains connecting adjacent crystalline lamellae.  Once the tensile load is applied, the 
initial responses of the polymer molecules are shown in Figures 4.23(b) and 4.24(b) for 
the PET and HDPE geogrids, respectively.  The geogrids are in the primary creep stage 
(Heuvel et al., 1992; Van Den Heuvel et al., 1993; Yeh and Young, 1998; Voskamp and 
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Figure 4.24 – Physical molecular model of HDPE under creep; (a) crystalline and 
amorphous regions without any load, (b) straightening amorphous region (primary 
creep), (c) slip of crystalline lamellae (secondary creep), and (d) rupturing tie-
molecule in amorphous region (tertiary creep and rupture); Note: C: crystalline region 
Amorphous region 
Crystalline region 
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Retzlaff,, 2006).  In both polymers, the inhomogeneity of molecular chains in the 
amorphous phase would respond to stress differently, creating a weak region in the 
polymer (Heuvel et al., 1992). 
In the amorphous region, the tie-chains behave as load transfer bridging between 
the crystalline lamellae.  Additionally some relaxed chains also contribute to the load 
transfer due to trapped entanglements (Smook et al., 1984; Zhou and Wilkes, 1998).  The 
crystalline regions do not contribute greatly to creep under these conditions until the 
deformation of the amorphous region is highly constrained (Bartczak et al., 1996; Zhou 
and Wilkes, 1998).  
After the primary creep stage finished, the model for the PET geogrid shows the 
onset of the breakage of fibers in amorphous regions without any movement in the 
crystalline regions, as shown in Figure 4.23(c).  This suggests that the PET geogrid enters 
tertiary creep and onset of rupture without undergoing the secondary creep stage.  
Contrary, after the primary creep stage, the molecular model in the HDPE geogrid shows 
the chain slippage in the crystalline regions (i.e., breakage of secondary bonds) in Figure 
4.24(c) (Govaert and Peijs, 1995; Smeets et al., 2001).  The slippage is started by “pull-
out” of tie molecules from crystalline regions and is led by the intermolecular shear in 
crystalline regions which is the dominant mechanism of plastic flow in the secondary 
creep stage (Sargent and Shinozaki, 1977; Van Der Werff and Pennings, 1991).  This 
pronounced secondary stage is because that the HDPE is a linear polymer with a weak 
secondary bond (Dowling, 2007).     
After the secondary creep stage, the model of the tertiary creep and rupture for the 
HDPE geogrid is shown in Figure 4.24(d).  As the crystalline regions start to slip, further 
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tension the molecular chains in amorphous regions leads to the chain breakage and creep 
rupture (Van Der Werff and Pennings, 1991). 
 
4.7.4 Creep Mechanism  
 The creep mechanism of the accelerated creep tests is investigated using the 
activation energy, which can be defined as an energy barrier that must be overcome for 
the occurrence of molecular motions and is governed by stress and temperature (Findley, 
1960; Goertzen and Kessler, 2006).  Since the occurrence of creep behavior is a result of 
a thermal activation process, the rate of molecular mobility can be used to examine the 
creep mechanism.  The rate is represented by the Arrhenius-type equation, which consists 
of stress, temperature, and activation energy in Equation 4.3: 
 
)exp(
RT
QA nss σε =•       (Eq. 4.3) 
  
where ε˙ss = steady-state creep strain rate (%/sec), σ = applied stress (kN/m2),  
n = stress exponent, Q = activation energy (J/mol), R = gas constant = 8.314 
J/mol·K, and T = absolute temperature (K).  
 
Moreover, the activation energy can be presented with horizontal shift factor (aT), as 
expressed in Equation 4.4: 
 
 )11(
303.2
log
ref
T TTR
Qa −=     (Eq. 4.4) 
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where, Tref = reference temperature (K).  
 
The activation energy of the PET and HDPE geogrids are illustrated in Figure 
4.25 and the average values in terms of isothermal duration (short- vs. long-term tests), 
applied load (LALs vs. HALs), and types of geogrids (PET vs. HDPE) are listed in Table 
4.5.  As shown in Figure 4.25, the activation energy of both geogrids decreases with 
increasing applied load.  Figure 4.25(a) shows the activation energies of the PET geogrid.   
 
Table 4.5 – Average activation energy under lower and higher applied loads 
 
Short-term test Long-term test 
Specimen Load level SIM TTS Avg. SIM TTS Avg. 
Low 241.7 215.3 228.5 202.2 231.7 222.7 
PET 
High 188.6 187.1 187.8 N/A N/A N/A 
Low 238.2 240.8 239.5 140.2 149.3 144.7 
HDPE 
High 94.2 107.3 100.8 N/A N/A N/A 
Note: N/A: Not available 
 
At LALs, the energy values range from 200 to 245 kJ/mol, which are relatively close 
together regardless of test methods (SIM vs. TTS) and isothermal duration.  Under HALs, 
the activation energy values ranges from 160 to 210 kJ/mol, which are lower than those 
under LALs.  This is because the tertiary creep stage and creep rupture were detected.  In 
addition, the activation energy values of the short-term SIM and TTS are very close at 
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HALs.  Figure 4.25(b) shows the activation energies of the HDPE geogrid.  At LALs, the 
short-term tests yield a higher energy (~ 250 kJ/mol) than the long-term tests (~ 150 
kJ/mol).  This discrepancy of activation energy indicates that the creep mechanism is 
sensitive to the isothermal duration.  There are many studies targeting the creep behavior 
of polyethylene.   However, the resulting activation energy varies greatly from study to 
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Figure 4.25 – Plot of applied stress vs. creep rupture time or time at 10% of strain 
from (a) the PET and (b) HDPE geogrids 
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study.  Sinclair and Edgemond (1969) found “true” activation energy (when applied 
stress = 0) of 50.8 kJ/mol by studying the creep phenomena of polyethylene (PE) using 
the conventional method.  Thornton (1970) performed creep tests on PE at elevated 
temperatures and obtained an activation energy of 115.8 kJ/mol.  Also, other activation 
energy values from Farrag (1998) and Govaert and Peijs (1995) are presented with those 
from this study, as shown in Figure 4.26.  In this study, the activation energy obtained 
from the short-term tests in the LALs range is significantly higher than the published data.  
On the other hand, the short-term tests at HALs and long-term tests at LALs yielded the 
range of activation energy (i.e., 65 to 135 kJ/mol) much closer to values from literature.  
The higher activation energy resulted from the short-term tests under LALs is 
probably caused by the higher steady-state creep strain rate in Equation 4.3.  As shown in 
Figure 4.27, the steady-state creep strain rates of the short-term tests were higher than 
Figure 4.26 – Comparing of activation energy values of the HDPE geogrid from this 
study and literature 
0
50
100
150
200
250
300
350
0 10 20 30 40 50 60 70
Load (% UTS)
A
ct
iv
at
io
n 
en
er
gy
 (k
J/m
ol
)_ ST SIM LT SIM
ST TTS LT TTS
Farrag (1998) 
Govaert & Peijs (1995) 
 129
that of the long-term tests.  However, although higher activation energy was detected at 
the short-term tests under LALs, the creep strains between the short- and long-term tests 
were similar (see Figure 4.17).  This is because the activation energy is not sensitive to 
creep strain under LALs.  As shown in Figure 4.28, the actual short-term SIM results are 
presented with the short-term SIM results regenerated using the activation energy 150 
kJ/mol, which is the same activation energy of the long-term tests.  In order to decrease 
the activation energy from 250 kJ/mol to 150 kJ/mol, less shifting was applied; thus, the 
creep master curve could not be reached up to 106 hours.  The creep master curve with 
the activation energy of 150 kJ/mol can be linearly extrapolated up to 106 hours.  The 
creep strains from the actual and modified creep results are compared at 106 hours, as 
listed in Table 4.6, and the discrepancy between them is not large (< 1.1% strain). 
 
Figure 4.27 – Steady-state creep strain rate in the short- and long-term accelerated 
creep tests 
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Table 4.6 – Comparing between actual creep strain and modified creep strain with 
activation energy of 150 kJ/mol at 106 hours based on Figure 4.28 
 
 10% UTS 20% UTS 30% UTS 
Actual strain 2.5 5.1 8.3 
Strain with 
activation energy of 
150 kJ/mol  
3.1 6.0 9.4 
 
With molecular level, the creep mechanisms are followed by: (1) the relative 
motion (e.g., sliding) of segments of molecular chains by a process of moving atoms 
bound by secondary bonds, (2) disruption of secondary bonds , and (3) disruption of 
primary cross bonds (i.e., covalent bond) (Findley, 1960).  Each of these movements may 
take place if the energy available at any instant becomes greater than the free energy 
barrier for such action.  For example, primary bond of C-C in polyethylene has been 
reported to be approximately 300 kJ/mol (Govaert and Peijs, 1995; Gao et al., 2003), but 
Figure 4.28 – Comparing between the actual short-term SIM results (~ 250 kJ/mol) 
and modified short-term SIM results with the activation energy of 150 kJ/mol 
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the secondary bonds of PE are much weaker with energy of ~ 50 kJ/mol.  As a result, all 
activation energy values obtained in the PET and HDPE geogrids are placed on the step 
of secondary bonds disruption. 
 
4.8 REDUCTION FACTOR FOR DESIGN 
The current design procedure for the geogrid in the reinforced structures utilizes 
the creep reduction factor based on the creep rupture curve.  The creep reduction factor 
can be calculated using Equation 4.5 stated in GRI GG4: 
 
RFCR = TST/TLT    (Eq. 4.5) 
 
 where, RFCR = reduction factor against creep, TST = short-term strength of the 
geosynthetics in ASTM D 4595, and TLT = 105 (or 106) hour-design life strength of 
the geosynthetics   
 
TST is equal to the ultimate tensile strength in this chapter.  TLT can be obtained using the 
extrapolation (up to 105 or 106 hours) of curves by plotting the applied load vs. the time at 
creep rupture or the time at a 10% strain, as shown in Figure 4.49.  In this chapter, the 
target design service life times of 104 (~ 1.14 years), 105 (~ 11.4 years) and 106 hours (~ 
114 years) are selected.  Figure 4.29(a) shows the creep rupture curve for the PET 
geogrids.  The curves for the HDPE geogrids in Figure 4.29(b) show both values of TLT at 
a time of creep rupture and at a time of 10% creep strain, which corresponds to the onset 
of the secondary creep stage.     
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 The creep reduction factors are calculated and summarized in Table 4.7.  The 
creep reduction factors obtained from the short-term SIM and TTS tests are relatively 
similar for both geogrids.  In addition, the reduction factors obtained in this study are 
compared to those from other literature, which utilized SIM by ASTM.  At the time of 1 
year, the creep reduction factors obtained in this study are quite close to those in literature 
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Figure 4.29 – Plot of applied stress vs. creep rupture time or time at 10% of strain 
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on both geogrids.  However, as design time increases, the discrepancy of the creep 
reduction factor between this study and published values increases.  This is because 
modified SIM procedures for generating the creep master curve were used in this study.  
 
Table 4.7 (a) – Creep reduction factors of this study for the PET and HDPE geogrids 
This study (2007) 
HDPE 
PET 
10% strain Rupture 
Time 
(years) 
SIM TTS SIM TTS SIM TTS 
1 1.61 1.57 3.43 3.49 2.18 2.05 
11 1.83 1.75 4.27 4.42 2.49 2.27 
114 2.11 1.98 5.67 6.04 2.90 2.55 
 
Table 4.7 (b) – Creep reduction factors of literature for the PET and HDPE geogrids 
Lothspeich & Thornton (2000) 
Voskamp 
& Retzlaff 
(2006) 
Greenwood  
& Voskamp 
(2000) 
Thornton 
et al. 
(1998) 
HDPE 
PET 
10% strain Rupture 
PET PET PET 
Time 
(years) 
SIM SIM SIM SIM SIM SIM 
1 1.54 2.70 2.27 1.18 1.35 1.45 
11 1.57 2.86 2.50 1.21 1.40 1.52 
114 1.61 3.03 2.70 1.25 1.46 1.56 
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4.9 CONSTITUTIVE MODEL  
4.9.1 Modified Four-Parameter Weibull Model for Creep Property 
 The results of foregoing creep properties indicate that the PET geogrid exhibited 
linear behavior between creep strain and time at all tested applied loads.  In particular, the 
linear behavior was kept up to creep rupture under HALs.  Contrary, the HDPE geogrid 
showed linear behavior at LALs and non-linear behavior at HALs.  In this section, the 
creep behavior, both linear and non-linear, will be assessed by the constitutive models.  
 Murthy et al. (2004) presented the four-parameter Weibull probability plot (WPP) 
using Equation 4.6, which is very comparable to creep behavior including all three creep 
stages: 
 
)]ln()[ln()ln( xx ebaey −−−−= βλ ; (ln(a) ≤ x ≤ ln(b))    (Eq. 4.6) 
 
where, λ = Weibull scale parameter,  β = Weibull shape parameter, and  
a, b = Weibull distribution parameters. 
 
In detail, the left asymptote (a vertical line through x = ln(a)) and the right asymptote (a 
vertical line through x = ln(b)) play a significant role in generating the boundary 
conditions.  Also, the WPP plot converges to the left asymptote and right asymptote with 
the similar shapes of primary and tertiary creep stages, respectively, in typical tensile 
creep curve.  However, since this equation can be employed in very small range, the 
modified four-parameter Weibull model is suggested for the creep behavior of the 
geogrids as followed by Equation 4.7: 
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)]1ln()[ln( −−−−= c
t
c
t
eebK βε ; ln(1) ≤ t/c ≤ ln(b)   (Eq. 4.7) 
 
where, ε = creep strain (%), t = log time (hour), K = ln (λ), and b, c = Weibull 
model parameter. 
In the modified model, the parameter c is inserted to expand the range of time.  The 
model is adopted to find the constitutive relationship between creep strains and time for 
the PET and HDPE geogrids as well as to predict the creep behavior of other types of 
geogrids up to ~ 100 years using only 10-hour creep data. 
 
4.9.2 Determination of Parameter 
Equation 4.7 contains four parameters (K, β, b, and c) that should be determined 
for a specific geogrid.  The characterization of each parameter is followed:  
 
(1) Parameter K is functions of an initial creep strain and applied load; K(ε, σ) 
(2) Parameter β can be determined by the slope of the creep curve in semi-log 
scale (i.e., creep strain vs. log time);  
(3) Parameter b is a function of an initial creep strain.  It also sets the boundary 
conditions of Equation 4.7; and  
(4) Parameter c expands the range of time availability for the geogrids. 
 
The 10-hour creep data is given by the short-term SIM tests, as listed in Table 4.8.  Times 
up to 10 hours are arbitrary selected; 10-1.5, 10-1, 10-0.5, 100, 100.5, and 101 hours.  The 
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modeling was performed in two groups of creep curves in terms of applied load and 10%-
strain: linear behavior and non-linear behavior.  The difference between two behavior can 
be distinguished by linearly extrapolating the experimental data from 101 to 106 hours 
using the data from 10-1.5 to 101 hours.  If the extrapolated line goes beyond the strain of 
10% within the time range of 106 hours (~ 114 years), it would be expected that the creep 
curves have non-linear behavior and should be modeled accordingly; otherwise, a linear 
behavior would be modeled.  After defining the linear or non-linear behavior, the 
parameters of each geogrid are determined with the 10-hour creep data by a computer 
software i.e., Visual Basic Application® (VBA®) with MS-Excel®.  The computer codes 
in VBA® for both linear and non-linear behavior are provided with the boundary 
conditions in Appendix B.  For the PET and HDPE geogrids used in this chapter, the 
parameters are summarized in Table 4.9.   
 
Table 4.8 (a) – 10-hour experimental creep data of the PET geogrid 
Time (hr) 20% 30% 40% 50% 60% 70% 
10-1.5 0.85 1.51 2.68 3.99 5.11 5.98 
10-1 0.88 1.64 2.87 4.23 5.33 6.20 
10-0.5 0.91 1.75 3.08 4.45 5.53 6.41 
100 0.95 1.90 3.31 4.61 5.67 6.55 
100.5 1.01 2.04 3.50 4.77 5.84 6.68 
101 1.07 2.33 3.71 4.95 6.01 6.81 
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Table 4.8 (b) – 10-hour experimental creep data of the HDPE geogrid 
Time (hr) 10% 20% 30% 40% 50% 60% 
10-1.5 1.13 2.16 3.36 5.42 7.08 9.4 
10-1 1.25 2.41 3.65 6.21 8.18 11.5 
10-0.5 1.35 2.67 4.00 6.95 9.25 13.7 
100 1.46 2.89 4.45 7.67 10.20 18.19 
100.5 1.56 3.17 4.80 8.36 11.23 25.34 
101 1.68 3.43 5.19 9.09 12.51 44.82 
 
 
Table 4.9 – Parameters for modified four-parameter Weibull model 
Geogrid Load level K β b c 
20% (LAL) 2.46 0.04 4.9×108 5.0×106 
30% (LAL) 8.65 0.15 1.1×1013 3.3×106 
40% (LAL) 14.14 0.19 2.4×1017 2.5×106 
50% (HAL) 16.23 0.18 5.2×1021 2.0×106 
60% (HAL) 18.23 0.17 1.1×1026 1.7×106 
PET  
70% (HAL) 19.68 0.16 2.5×1030 1.4×106 
10% (LAL) 3.11 0.10 2.7 1.0×107 
20% (LAL) 8.69 0.24 1.6×102 1.1×108 
30% (LAL) 28.73 0.36 1.0×1023 3.3×106 
40% (HAL) 93.27 0.69 1.0×1050 2.2×103 
50% (HAL) 130.97 1.01 1.0×1050 3.6×101 
HDPE 
60% (HAL) 271.14 2.20 1.0×1050 1.4×100 
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4.9.3 Result of Modified Four-Parameter Weibull Model 
For the PET geogrid under LALs and HALs, the results of constitutive model are 
compared with the experimental data obtained from the short-term SIM tests, as shown in 
Figure 4.30.  The coefficients of determination (r2) are used to contrast the difference 
between the model and the experimental data, as listed in Table 4.10.  The statistical 
analysis program, SPSS 15.0 for Windows®, was employed to obtain the coefficients.  
Each set of creep curves is close with r2 > 0.9 at all applied loads. 
 
Table 4.10 – Coefficients of determination (r2) between modeling and experimental 
results for the PET geogrid 
 
 20% 30% 40% 50% 60% 70% 
PET 
geogrid 0.95 0.99 0.98 0.98 0.99 0.97 
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Figure 4.30 – Results of constitutive models (line) with experimental data (open 
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For the HDPE geogrid, Figure 4.31 shows the comparison between constitutive 
model and creep data from the short-term SIM test under LALs and HALs.  The 
coefficients of determination (r2) are presented in Table 4.11.  There is a good agreement 
between model and test data with r2 > 0.9 at both LALs and HALs. 
 
Figure 4.31 – Results of constitutive models (line) with experimental data (open 
circle) for the HDPE geogrid under (a) LALs and (b) HALs 
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Table 4.11 – Coefficients of determination (r2) between modeling and experimental 
results for the HDPE geogrid 
 
 10% 20% 30% 40% 50% 60% 
HDPE 
geogrid 0.99 0.99 0.98 0.95 0.96 0.98 
 
 
4.10  CONCLUSIONS 
 The tensile creep behavior of the PET and HDPE geogrids were evaluated using 
five test methods: the short- and long-term SIM, the short- and long-term TTS, and the 
conventional method.  For each geogrid, it was found that creep strains obtained from 
different test methods were relatively similar under the same applied load.  The creep 
strains increased with time and applied load.  However, the creep behavior between PET 
and HDPE geogrids was found to be very different.  There are three distinguishing 
behavior: 
 
1. The creep strain of the PET geogrid was much less than that of the HDPE geogrid 
at the same percentage of UTS.  The PET geogrid was in a glassy state at an 
ambient condition; thus, the free volume for movement of the molecule in the 
PET was insufficient in contrast to the HDPE geogrid.   
 
2. HDPE geogrid exhibited the primary, secondary, and tertiary creep stages prior to 
rupture, whereas the secondary stages were not detected on the PET geogrid.  
Based on the results, it is believed that the secondary creep stage was attributed 
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by the slipping of the crystalline region in the molecular scale, which was not also 
observed in the PET geogrids.   
 
3. At the primary creep stage, the creep strain rate is independent of the applied 
stresses for the PET geogrid, while the creep strain rate increases exponentially 
for the HDPE geogrid.  This was because the behavior of the PET geogrid was 
governed by the same molecular conformation (i.e., trans) in the glassy state; 
however, the HDPE geogrid in the rubbery state was controlled by the non-
Newtonian (i.e., shear thinning) behavior.   
 
Overall, the molecular movement of the polymer chains in the geogrid has strong 
effects to the creep behavior and should be considered.  The activation energy was 
calculated to investigate the creep mechanism of four accelerated creep test methods for 
the PET and HDPE geogrids.  In the LALs range, the activation energies of the PET 
geogrid from the four tests were found to be relatively similar and their values were 
consistent with those published values.   For the HDPE geogrid, a large variation in the 
activation energy was obtained.  The high activation energy from the short-term tests 
under LALs was induced by the high steady-state creep strain rate.  Despite the high 
activation energy, the creep strains from the short-term tests were similar to those from 
the long-term tests under 10% creep strains.  This was because the vertical shifts were 
applied when the creep master curve was generated.  Thus, the application of vertical 
shifts (i.e., consideration of non-equilibrium portion of the creep properties at elevated 
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temperatures) played a significant role in generating the appropriate creep master curve in 
spite of the higher activation energy.   
 For the design of structural application using the geogrids, the creep reduction 
factors were determined at 1, 10, and 100 years.  The reduction factors of the PET 
geogrid are much lower than those of HDPE geogrid.  As a result, the HDPE geogrid is 
more sensitive to creep than the PET geogrid.  
 The constitutive relationship using the modified four-parameter Weibull model 
was developed.  The model can predict the tensile creep behavior of the PET and HDPE 
geogrids up to 100 years based on 10-hour experimental data.  The result of model was 
well correlated to the experimental data. 
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CHAPTER 5. CONCLUSIONS AND FUTURE WORKS 
 
5.1 SUMMARY  
 This study investigated the short- and long-term mechanical behavior of the 
HDPE geonet and geocomposite (Chapter 2), the EPS geofoam (Chapter 3), and the PET 
and HDPE geogrids (Chapter 4).  The summary of each geosynthetic material is 
presented as follows: 
 
5.1.1 Short- and Long-Term Compressive Behavior of Drainage Materials 
The short- and long-term compressive behavior of the HDPE geonet and 
geocomposite were investigated at various inclined conditions: the horizontal, 1(V)-to-
9(H), 1-to-5, 1-to-4, and 1-to-3.  The geometric structure of the drainage materials played 
a significant role in both short- and long-term compressive behavior.  In the short-term 
test, the compressive strength and strain corresponded to peak values which were induced 
by abrupt roll-over phenomenon of the ribs.  The result indicated that the compressive 
strength decreased linearly with inclined angle, whereas the compressive strain increased.  
Contrary, the compressive strength of the geocomposite increased continuously with 
strain, and no roll-over was detected; thus, there was no clear indication for compressive 
strength and strain.  The difference of compressive behavior between the geonet and 
corresponding geocomposite is due to the absence of abrupt roll-over which was 
prevented by the localized interface friction between the geotextile and ribs in the 
geocomposite.  The effect of geometry was further investigated by evaluating a geonet 
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with circular cross-sectional ribs at the horizontal condition.  The cross section of ribs 
changed from a circular shape to an oval shape.   The pronounced peak was not observed.    
The compressive creep behavior of the geonet and geocomposite were evaluated 
under the inclined conditions using SIM.  For both materials, the creep strains increased 
with inclined angles and applied loads.  However, a significant difference in the creep 
behavior was observed between the geonet and geocomposite.  While the geonet 
exhibited primary, secondary, and tertiary creep stages caused by abrupt roll-over of the 
upper ribs, only primary creep stage was detected in the geocomposite owing to the 
localized interface friction. 
 
5.1.2 Short- and Long-Term Compressive Behavior of the EPS geofoam 
The short-term compressive behavior of the EPS geofoam was evaluated at 
temperatures from 23oC to 58oC.  The result indicated that the compressive strength 
decreased as the temperature increases.  Furthermore, a bi-linear relationship between the 
compressive strength and temperature was detected with a transition at 43oC.  Above 
43oC, a steeper slope was measured.  
 The compressive creep behavior of the EPS geofoam was investigated using SIM, 
TTS, TTSS, and the conventional method.  The creep properties from TTSS and the 
conventional method were found to be close.  However, a premature secondary creep 
stage induced by the material property changing over 43oC was detected in SIM and TTS.  
Therefore, TTSS, which performed at temperature below 40oC, was the most 
appropriated test method for the creep prediction of the EPS geofoam.  
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5.1.3 Tensile Creep Behavior of Geogrid 
The tensile creep behavior of the PET and HDPE geogrids were investigated 
using the short- and long-term SIM, the short- and long-term TTS, and the conventional 
method.  From these five test methods, similar creep strains were obtained under the 
same applied load for each geogrid.  Under low applied loads (20% to 40% UTS for PET 
and 10 to 30% UTS for HDPE), both geogrids showed a linear relationship between 
creep strain and time.  At high applied loads (50% to 70% UTS for PET and 40% to 60% 
UTS for HDPE), the PET geogrid was dominated by the linear primary creep stage prior 
to the rupture.  However, a nonlinear relationship was observed in the HDPE geogrid, 
resulting three different creep stages, primary, secondary, and tertiary.     
This discrepancy of the creep behavior between the PET and HDPE geogrids was 
able to be presented using the molecular model.  In the primary stage, inhomogeneity of 
molecular chains in the amorphous region responded to stress differently, generating a 
weak region in the polymer.  The crystalline regions did not contribute to creep under this 
stage.  After that, the PET geogrids showed the onset of the breakage of fibers in 
amorphous regions without any movement in the crystalline regions, leading the creep 
rupture.  Contrary, the molecular model in the HDPE geogrid exhibited the chain 
slippage in the crystalline regions, causing the secondary creep stage.  Further tensioning 
the molecular chains in amorphous regions led to the chain breakage and creep rupture. 
The creep mechanism was investigated using the activation energy.  For the PET 
geogrid, the activation energies resulted from the four accelerated creep tests were 
relatively similar, ranging from 200 to 245 kJ/mol regardless of the applied load.  The 
activation energy values were also consistent with those in the published literature.  
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However, a large range of activation energy was obtained in the HDPE geogrid.  The 
activation energies of the short-term SIM and TTS were higher than those of the long-
term SIM and TTS as well as the published values.  This may be due to the higher steady-
state creep strain rate resulted from the short isothermal duration at each temperature step.   
The creep master curves were modeled using the modified four-parameter 
Weibull model.  The model was capable to predict the tensile creep behavior of both 
geogrids up to 100 years based on 10-hour experimental data.  A good agreement 
between the results from the model and the experimental data was found.  
 
5.2 CONCLUSIONS 
 
1. The applicability of the accelerated creep test should be evaluated for each type of 
geosynthetic materials.  For the PET and HDPE geogrids, the creep strains 
obtained from five creep test methods were relatively close under the same 
applied load up to the duration of the conventional test which was 1.1 years.  
However, the discrepancy of activation energy between the short- and long-term 
acceleration tests was observed in the HDPE geogrid, indicating that the material 
experienced different creep mechanism.  For the EPS geofoam, SIM and TTS 
exhibited the premature secondary creep stage in contrast to TTSS and the 
conventional method.  Therefore, the caution should be applied when the 
acceleration tests are utilized. 
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2. The short-term compressive behavior can be correlated to the compressive creep 
behavior.  The HDPE geonet exhibited that the onset strains of the secondary and 
tertiary creep stages were similar to the peak strain and post-peak minimum strain 
of the short-term test, respectively.  For the EPS geofoam, the onset strain of the 
secondary creep stage from TTSS and the conventional method were close to the 
onset strain of plastic region in the compressive stress/strain curve.  Also the 
transition of the bi-linear relationship detected at 43oC was the reason that SIM 
and TTS were not appropriate to evaluate the creep behavior of the EPS geofoam. 
 
3. The short- and long-term behavior of geosynthetic materials can be appreciated 
by the molecular structure and/or macro structure.  From the molecular level, the 
absence of secondary creep stage in the PET geogrid was because there was no 
slippage between polymer chains in the crystalline regions in contrast to the 
HDPE geogrid.  In addition, the lower creep strain of the PET geogrid was 
induced by the limited free volume in comparison with the HDPE geogrid.  The 
macro structure effect is clearly observed in the HDPE geonet.  The peak strain 
and post-peak minimum strains in the short-term behavior and the onset of 
secondary and tertiary creep stages in the long-term behavior were caused by the 
change of geometric structure (i.e., abrupt roll-over of ribs).  Also in the EPS 
geofoam, the compressibility of the hexagon shaped closed cells controlled both 
the short- and long-term behavior.  The plastic behavior in the short-term test and 
the secondary creep stage in the creep test were caused by the plastic collapse of 
the closed cell foam. 
  
148
 
4. Based on the results of creep tests, the creep reduction factors were obtained for 
the design applications.  For the HDPE geonet and geocomposite, the reduction 
factors increased with inclined angle, applied stress, and creep time.  Their 
reduction factors were close at lower inclined angles and/or load conditions.  
Contrary, the reduction factor of geonet was much greater than that of 
geocomposite at higher inclined angles and/or load conditions due to the 
occurrence of tertiary creep stage in the geonet.  For the PET and HDPE geogrids, 
the reduction factors increased with creep time.  The HDPE geogrid yielded much 
greater reduction factor than the PET geogrid. 
 
5.3 FUTURE WORKS 
The several research opportunities are addressed as follows: 
 
1. The compressive creep tests of the HDPE geonet in Chapter 2 were conducted in 
dry condition, which is different from the actual landfill circumstance.  In the 
landfills, the HDPE geonet is subjected to not only a compressive load but also a 
flow of leachate from the waste.  In order to simulate the behavior of the HDPE 
geonet under such circumstances, the creep behavior of HDPE geonet can be 
investigated with leachate-like chemical solutions under the compressive loads.  
Different combinations of chemical concentrations and the compressive loads can 
be applied.  For the accelerated creep tests, the elevated temperatures are 
controlled with the solutions.  Prior to the study, (1) the behavior of chemical 
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solutions at elevated temperatures and (2) the time to reach the target 
temperatures should be considered.  In addition, the combination of creep and 
chemical degradation tests can be performed.  The HDPE geonet is first immersed 
into the chemical solutions for arbitrary times (e.g., 500 or 1000 hours etc.).  Then, 
the short- and long-term compressive behavior can be evaluated.  
 
2. In the primary liner system, the drainage materials were subjected to the 
compressive load under inclined conditions.  In other words, the shear stress 
caused by the inclined angle can directly was applied onto the drainage materials.  
Thus, the creep results at inclined conditions as describe in Chapter 2 should be 
used for the appropriate design methods.  However, no research has been 
performed regarding the behavior of drainage materials with other adjacent 
geosynthetic layers under the inclined conditions.  In the secondary liner system, 
the geocomposite (i.e., geotextile/geonet/geotextile with heat bonding) is placed 
on top of the geosynthetic clay liners (GCLs) which could be fully hydrated and 
lead to a very low friction angle.  Thus, it is necessary to study the multi-layer 
systems on the HDPE geonet and hydrated GCLs under inclined conditions.  The 
study can be expanded to following combinations: (1) geocomposite 
(GC)/geomembrane (GM) and (2) GC/GM/GCLs. 
 
3. In the EPS geofoam (Chapter 3), the transition temperature around 44oC was 
found based on the short-term compressive behavior and the results from 
accelerated creep tests (SIM and TTS).  In order to investigate the occurrence of 
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transition temperature, micro structural behavior below and above the temperature 
can be compared.  Scanning Electron Microscope (SEM) can be a useful 
instrument to show the discrepancy of the closed cell in the geofoam.  In addition, 
SEM can also be of use to compare between the change of closed cells on the 
elastic and plastic regions in the short-term test results.  Also, the difference of 
closed cells between the primary and secondary creep stages can be found.   
 
4. The creep test results of the PET and HDPE geogrids in Chapter 4 were from the 
in-isolated tests.  It is necessary to study the creep behavior of the geogrid with 
different types of soil.  Particularly, the acceleration creep test method for the 
creep behavior of the geogrids with different soils can be investigated.  
 
5. The creep reduction factors can be applied to the different design methods.  The 
design methods such as Probability-of-Failure and Load-and-Resistance-Factor-
Design (LRFD) can be employed using the obtained creep properties.  In addition, 
the probability of failure of geosynthetics, especially many types of geogrids, can 
be considered using the distribution of the Weibull model.  
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Appendix A 
Time-Temperature Superposition Testing Data  
for Tensile Creep Behavior of PET and HDPE Geogrids 
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Figure A.1 - Testing data of the short-term TTS for the PET geogrid; (a) 20% UTS, (b) 40% 
UTS, (c) 50% UTS, and (d) 70% UTS 
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Figure A.2 - Testing data of the short-term TTS for the HDPE geogrid; (a) 10% UTS, (b) 
20% UTS, (c) 40% UTS, and (d) 50% UTS 
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Figure A.3 - Testing data of the long-term TTS for the PET geogrid; (a) 20% UTS and 
(b) 40% UTS 
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Figure A.4 - Testing data of the long-term TTS for the HDPE geogrid; (a) 10% UTS and 
(b) 20% UTS 
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Appendix B 
Numerical Model for Boundary Condition and Computer Code 
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B.1 Boundary conditions for the model 
 In order to build the computer code using the Weibull model, the boundary 
conditions should be considered for four parameters: K, β, b, and c.  Since K and β were 
governed by an initial creep strain and the slope of the creep curve, respectively, these 
parameters should be positive.  The boundary condition of the parameter c ranged from 0 
to 106 because c controlled the creep time with the unit of hours and the creep predictions 
were performed up to 106 hours.  For the parameter b, the boundary condition, i.e., 0 < t/c 
< ln (b), is provided in Equation 3.5 in Chapter 3. 
 
B.2 Visual Basic Application® (VBA®) code for data analysis 
B.2.1 Linear behavior for the PET and HDPE geogrids 
Sub Macro1() 
    Range("B3") = Range("E3") / 2.1 
        'Cell B3: Parameter Beta 
        'Cell E3: the slope of experimental data from 10^-1.5 to 10^1 hr 
    Range("B2") = Exp(Range("C12")) 
        'Cell B2: Parameter K 
        'Cell C12:Inital strain (strain value at 10^1.5 hr) 
    Range("B5") = Exp(Range("E6")) 
        'Cell B5: Parameter b 
        'Cell E6: %UTS 
    Range("B6") = Range("B27") / Log(Range("B5")) * 100 
        'Cell B6: Parameter c 
        'Cell B27:10^6 hours 
     
    Do 
     
    Range("E2").GoalSeek Goal:=0.948, ChangingCell:=Range("B5") 
    Range("E2").GoalSeek Goal:=0.948, ChangingCell:=Range("B6") 
    Range("E2").GoalSeek Goal:=0.948, ChangingCell:=Range("B2") 
    Range("E2").GoalSeek Goal:=0.948, ChangingCell:=Range("B3") 
     
        If Range("E2") >= 0.94 Then 
            Exit Do 
        End If 
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    Loop While Range("E2") < 0.94 
     
End Sub 
 
B.2.2 Non-linear behavior for the HDPE geogrid 
Sub Macro1() 
   '(1) Input of initial parameter values 
    Range("B3") = Range("E3") / 2.1 
        'Cell B3: Parameter Beta 
        'Cell E3: the slope of experimental data from 10^-1.5 to 10^1 hr 
    Range("B2") = Exp(Range("C12")) 
        'Cell B2: Parameter K 
        'Cell C12:Inital strain (strain value at 10^1.5 hr) 
    Range("B5") = 1E+50 
        'Cell B5: Parameter b; Arbitrary and roughly determined 
    Range("B6") = Range("E5") / (Log(Range("B5"))) 
        'Cell B6: Parameter c 
        'Cell E5: Expected ending time; calculated by 10^(3.6+ Cell (E4)) 
        'Cell E4: Log time at 10% strain 
    Range("B5") = Exp(Range("E5") / Range("B6")) 
        'Cell B5 is finely determined using B6 
     
'(2) Loop for obtaining parameter values with r^2=0.8 and boundary conditions 
    'Boundary conditions of parameters: 
    'K and beta > 0; 0 < c < 10^6; t/c < ln(b) 
     
    Do 
        Range("E2").GoalSeek Goal:=0.8, ChangingCell:=Range("B2") 
            If Range("B2") <= 0 Then 
            Range("B2") = 10 
            End If 
         
        Range("E2").GoalSeek Goal:=0.8, ChangingCell:=Range("B3") 
            If Range("B3") <= 0 Then 
            Range("B3") = 1 
            End If 
         
        Range("E2").GoalSeek Goal:=0.8, ChangingCell:=Range("B6") 
            If Range("B6") <= 0 Then 
                Range("B6") = 10 
            End If 
                       
            If Range("B6") > 10 ^ 6 Then 
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                Range("B6") = 10 
            End If 
                     
        Range("E2").GoalSeek Goal:=0.8, ChangingCell:=Range("B5") 
            If Range("E5") / Range("B6") > Log(Range("B5")) Then 
            Range("B5") = 1E+50 
            End If 
             
        'Procedure for correction of initial strain 
        If (Range("D12") - Range("C12")) > 2 Then 
            If (Range("D12") - Range("C12")) > 5 Then 
                Range("B3") = (Range("B3") * 1.1) 
            End If 
            Range("B3") = (Range("B3") * 1.05) 
        End If 
       
        If (Range("D12") - Range("C12")) < -2 Then 
            If (Range("D12") - Range("C12")) < -5 Then 
                Range("B3") = (Range("B3") * 0.95) 
            End If 
            Range("B3") = (Range("B3") * 0.98) 
        End If 
                 
        'Procedure for correction of non-linear behavior 
        If (Range("D17") - Range("C17")) > 0.5 Then 
            Range("B6") = (Range("B6") * 1.5) 
        End If 
     
        If (Range("D23") - Range("C23")) < -0.5 Then 
            Range("B6") = (Range("B6") * 0.95) 
        End If 
         
        If Range("E2") >= 0.79 Then 
            Exit Do 
        End If 
             
   Loop While Range("E2") < 0.79 
              
End Sub 
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